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Abstract 
Hardened and tempered 55SiCr spring steel is manufactured to be suitable for working under 
high cyclic stresses, especially in environments where high strength, superior wear resistance, 
and fatigue strength are required. To improve cleanliness levels of spring steel, the 
investigation of inclusions characteristics (chemical composition, number density, and size 
distribution) and their formation mechanisms in the refining process are important.  
The first part of the study analyzed three different spring wire samples with microalloying V 
and Nb addition. Additions of Nb and V did not have observable impacts on the formation of 
inclusions. Electron probe X-ray microanalysis (EPMA) was used to accurately measure the 
compositions, sizes, and shapes of the inclusions. CaO-SiO2 inclusions in the steel were 
associated with the refining slag as they have the similar compositions. Most Al2O3-SiO2-CaO 
inclusions with high Al2O3 and SiO2 contents originated from the coalescence of CaO-SiO2 
and Al2O3-SiO2 inclusions; those with high CaO and SiO2 contents were considered to form 
by reduction of CaO-SiO2 inclusions by Al dissolved in the steel. Wavelength-dispersive 
spectrometry (WDS) and Monte Carlo simulation were carried out to verify the existence of 
trace contents of inherent FeO in the inclusions. 
The second part of the study elaborated on the formation and evolution of various inclusions 
in Si-deoxidized spring steel through the refining process. Steel samples from a vacuum 
degassing (VD) furnace and a tundish (TD) furnace, as well as the wire rods after hot rolling 
(HR), were collected. The Al2O3-SiO2-CaO inclusions in the steel samples from the vacuum 
degassing and tundish furnaces were formed by reduction of CaO-SiO2 inclusions by Al 
dissolved in steel. The increased number density of Al2O3-SiO2-CaO inclusions in spring rods 
was primarily attributed to the entrapment of Na2O-contained mold flux particles and 
inclusions crush after hot rolling. Al2O3-SiO2-MnO and SiO2-MnO inclusions originated from 
inherent reactions between [Al], [Si],  and [O] in the molten steel. The precipitation of Al2O3-
SiO2-MnO inclusions was attributed to solubility decrease during the solidification process 
with the temperature drop. 
The third part of the study focused on the source, characteristics, and mechanism of Al2O3-
containing inclusions in Al-deoxidized spring steel utilizing electron probe X-ray micro-
analysis. Al2O3-CaO inclusions were considered to be formed by the reduction of entrapped 
slag by Al dissolved in the steel. The Al2O3/CaO ratio obviously decreased with the increase 
of inclusion sizes. The Al2O3-MgO and Al2O3-SiO2-MnO inclusions originated from inherent 
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reactions between dissolved [Al], [Si], , [Mg] and [O] in the steel. Al2O3-MgO-CaO inclusions 
were resulted from coalescence between Al2O3-MgO and Al2O3-CaO inclusions.  
The fourth part of the study investigated the effects of different refractories on non-metallic 
inclusions characteristics in Si-deoxidized spring steel. Three types of refractories (MgO, 
Al2O3, and CaAl12O19) were utilized to explore the formation and characteristics of non-
metallic inclusions with electron probe X-ray micro-analysis on a laboratory scale. MgO and 
CaAl12O19 refractory obviously reduced the number density and average sizes of the inclusions. 
CaO-SiO2-MgO and SiO2 inclusions were newly-formed in the steel with MgO refractory. 
Al2O3 refractory had a negative effect on the inclusions control owing to the widespread 
presence of Al2O3-SiO2-CaO inclusions, which resulted from CaO-SiO2 inclusions reduced by 
Al dissolved in the steel. 
The fifth part of the study explored the effect of refractory on the evolution mechanism of non-
metallic inclusions in Al-deoxidized spring steel on a laboratory scale. Al2O3 and Al2O3-MgO 
inclusions were the primary inclusions and mainly attributed to the deoxidization products. 
Al2O3-MgO-CaO inclusions were resulted from coalescence between MgO and Al2O3-CaO 
inclusions as well as reduction of Al2O3-CaO by dissolved Mg. Dual-phase Al2O3-MgO-CaO 
inclusions were characterized by pure MgO cores surrounded by liquidus Al2O3-CaO layer, 
which was related to the substitution of dissolved Ca and Al in molten steel for MgO in the 
inclusions. 
The sixth part of the study explored the liquidus temperatures and phase equilibria in the 
(Al2O3+SiO2)-(CaO+SiO2)-MgO system at fixed MgO with high-temperature equilibration 
and quenching technique utilizing electron probe X-ray microanalysis. Isotherms in the interval 
of 20 °C between 1260 and 1560 °C were identified in the different phase fields of anorthite, 
wollastonite, spinel, and melilite. Effects of the mass ratio of (Al2O3+SiO2) 
/((Al2O3+SiO2)+(CaO+SiO2)) and MgO content on the liquidus temperatures have been 
discussed to assist inclusion control. To decrease the liquidus temperature of Al2O3-SiO2-CaO-
MgO system inclusions, refining time and deoxidation production amounts ought to be reduced.  
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Chapter 1 Introduction 
1.1 Properties and application of spring steel 
Spring steel refers to the high carbon and low alloy steel, which was mainly processed by cold 
drawing, cold rolling, or heat treatment to obtain the elastic properties and yield strength 
required in springs. These physical characteristics enable spring steel to have wide applications 
in manufacture industry. Hardened and tempered spring steel is manufactured to be suitable for 
working under high cyclic stresses, [1-3] especially in environments where high strength, 
superior wear resistance, and fatigue strength are required. [4, 5] After hot rolling and cold 
drawing, high-carbon steel wires were produced and they were extensively utilized for pre-
stressed concrete, bridge cables, wire ropes, etc. In addition, steel cords for tire reinforcement 
in motor vehicles and saw wires for cutting silicon panels for the photovoltaic industry were 
also some of the typical applications of spring wires, which require extremely fine diameter, 
supreme fatigue resistance and mechanical strength.[6] Spring steel has also other applications, 
including springs, diaphragms, scrapers, shims, sealing bands, saws, measuring tapes, 
accordion reeds and so on. 
In the automobile industry, spring wires are extensively utilized in automotive engines and 
industrial suspension applications. Because of the exposure to the high-frequency dynamic 
loads and consistent alternating stress during working, supreme tensile, high elastic and yield 
strength are especially demanded for the spring steels. [7-9] Other properties such as surface 
smoothness, suitable flatness and straightness also need to meet demanding specifications as 
well as the very close tolerances. [10-12] For small springs production, steel is often offered to 
the spring manufacturers with no heat-treatment, except a low-temperature anneal to relieve 
forming strains.  
1.2 Factors influencing spring steels fatigue failure 
Fatigue is used to describe progressive structural damage of materials under cyclic loads. Based 
on the formation mechanism, fatigue failure of spring steel could be classified into a few 
primary types, including mechanical fatigue induced by fluctuating stresses and strains, creep 
fatigue related to cyclic loads at high temperature, thermal fatigue caused by cyclic material’s 
temperature changes, corrosion fatigue generated when applied in chemical aggressive 
surroundings as well as the combination of these fatigues. [4, 13-15] Since the eventual fatigue 
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failure generally happened when stress was much lower than the yield point of the material, 
the destructive behaviours of the fatigue phenomenon are widely underlined. Fatigue limit of 
steel is commonly utilized to illustrate the cyclic stress amplitude exposed to spring steel before 
fatigue failure occurring. Several factors are considered responsible for the fatigue failure of 
spring steel: minor cracks, surface defect and decarburization as well as inclusions. [16-19] Since 
these defects are likely to influence the mechanical properties of commercial high strength steel, 
detailed investigation of these defects is necessary to improve the mechanical properties of 
spring steel. A brief introduction of these faults is shown as follows: 
(a) Minor cracks: Major steel surface cracks were found to be formed by connection of 
numerous individually initiated minor cracks.[20] The surface crack length is termed as the total 
lengths of separate minor cracks. As minor cracks gradually grow and collide with each other, 
the fatigue life of spring steel and the major crack behaviour would be affected. Two stages 
were included for the crack growth process: a) separate minor cracks initiate and propagate 
without linkage; b) minor cracks collide with each other and the total number of them decrease, 
finally contributing to the linkage occurrence. Gao et al. [21] compared the maximum number 
of minor cracks and found the minor cracks increase and crack length decreases as a result of 
increasing the strain range, as shown in Figure 1.1.  
 
Figure 1.1 Regression curves and maximum growth pattern (a) regression curves of growth pattern of minor 
cracks at 2.55% strain range; (b) maximum growth pattern of minor cracks at different strain ranges. [21] 
(b) Surface defects: For hardened spring steel with high tensile strength, the fatigue limit is 
significantly influenced by surface defects, the fracture mechanism of which were investigated 
by previous researchers.[22, 23] Surface defects were produced and grew during steel 
manufacturing and processing as scarring, scratch, dirt, holes, tiny fissures, dents as well as 
gouges, as shown in Figure 1.2. [24] The typical morphology of fracture surface of failure steel 
by surface defect is shown in Figure 1.3. [25] The occurrence of surface defects was closely 
related to manufacturing and processing of spring steel.  
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Figure 1.2 Morphologies of seven typical surface defects. [24] 
 
 
Figure 1.3  (a) Fracture surface of failure specimen induced by surface defect; (b) enlargement of the surface 
defect. [25] 
(c) Decarburisation: The fatigue limit of spring steel is closely related to the surface carbon 
content, depth of decarburisation, microhardness, residual stress, surface finish. 
Decarburisation characteristics of spring steel is significantly influenced by steel components 
and heat treatment techniques. Because the flow strength and hardness of carbon steels and low 
alloy steels depend upon the carbon content, a decarburised layer will be intrinsically weaker 
than the core, and consequently have a lower fatigue strength. Similarly, the useful properties 
that can be produced by carburising will not be realised if subsequent decarburisation is 
allowed to take place. Gildersleeve investigated the relationship between surface carbon 
contents, decarburisation depth and fatigue strength of low alloy steel and found linear 
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relationship between surface carbon concentration and fatigue limit of steel, as shown in 
Figure 1.4. [26] 
  
Figure 1.4 Fatigue limit versus surface carbon content after decarburisation: (a) 605 M36 through hardened 
steel; (b) 665 M17 carburised carburising steel. [26] 
(d) Non-metallic inclusions: Internal crack initiation of spring steel is also closely related to 
inclusions. The internal defects of spring steel, which are closely related to inclusion 
dimensions and properties, are widely acknowledged as primary influencing factors of fatigue 
properties of spring steel.  Inclusions-initiated fracture surface usually exhibited “fish-eye”  
small smooth spots, as shown in Figure 1.5. [27] Li et al. [28] concluded two types of inclusions-
induced fatigue process of carburized gear steel: (a) inclusion → fisheye → FCGZ → MFZ (in 
the HCF regime) and (b) inclusion → FGA → fisheye → FCGZ → MFZ (in the VHCF regime). 
Inclusions are usually the products of slag and refractory contamination, de-oxidation and 
precipitation process. Based on chemical compositions, three major types of inclusions are 
often present in steel products: sulphide manganese, single-phase oxide inclusion and dual-
phase complex oxide inclusion, as illustrated in Figure 1.6.  
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Figure 1.5 SEM morphologies of ‘fish-eye’ (a) with an inclusion in the centre (b) and the GBF surrounding the 
inclusion (c) and its high-reservation magnification (d) of crack initiation site of steel sample (σ a = 800 MPa, N 
f = 3.25 × 107 cycles). [27] 
  
 
Figure 1.6 Typical morphologies of inclusions in spring steel. (a) Strip inclusions of MnS; (b) typical sphere 
oxide inclusions; (c) Dot-linked oxide inclusions; (d) Eye-like dual-phase inclusions. 
Manganese sulphide: The typical morphology of MnS inclusions is shown in Figure 1.6 (a). 
Owing to the strong deformability during hot rolling process, manganese sulphide inclusions 
had a stripe shapes along their longitudinal sections owing to elongation during hot rolling.  
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Oxides inclusions: Present with spherical or irregular morphologies, as illustrated in Figure 
1.6 (b), oxide inclusions are usually composed of various oxides, SiO2, Al2O3, MgO and CaO, 
et al. Sometimes discontinuous oxide inclusions with dot-linked shapes were observed in steel 
samples, as is shown in Figure 1.6 (c).  
Duplex eye-like inclusions: The eye-like shape inclusions as is shown in Figure 1.6 (d), mainly 
appear in the rolling process. These inclusions are always oxide centred covered by MnS layer.  
1.3 Research objectives 
This PhD program primarily aims to investigate the inclusion formation and evolution 
mechanisms in Si- and Al-deoxidized spring steels. To elucidate the mechanisms of formation 
of inclusions in microalloyed spring steel deoxidized by Si or Al, their number, morphology, 
and chemical compositions were analyzed by electron probe X-ray microanalysis. To 
investigate the influence of refractories on the evolution of inclusions, three types of 
refractories (MgO, Al2O3 and CaAl12O19) were utilized to explore the formation and 
characteristics of non- metallic inclusions with electron probe X-ray micro-analysis on a 
laboratory scale. 
The specific objectives of the thesis include:  
1) To explore inclusions characteristics in spring wires deoxidized by Si and investigate 
the formation mechanisms of different inclusions in spring wires. To verify the FeO existence 
in inclusions with wavelength-dispersive spectrometry and monte carlo simulation and TEM. 
2) To study the formation and evolution mechanisms of different inclusions in Si-
deoxidized spring steel through refining process utilizing electron probe X-ray micro-analysis.  
3) To investigate the source, characteristics, and mechanism of Al2O3-containing 
containing inclusions in Al-deoxidized spring steel through refining process. 
4) To compare the effects of different refractories (MgO, Al2O3 and CaAl12O19) on 
formation and characteristics of non-metallic inclusions in Si-deoxidized spring steel on a 
laboratory scale. 
5) To explore the effect of MgO refractory on the evolution of inclusions for Al-
deoxidized spring steel on a laboratory scale. 
6) To determine phase equilibria and liquidus temperatures in the (CaO+SiO2)-
(Al2O3+SiO2)-MgO system at fixed MgO by means of high temperature equilibration and 
quenching technique followed by electron probe X-ray microanalysis. 
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The thesis has 9 chapters. Chapter 1 is the introduction and background of the thesis. Chapter 
2 includes the comprehensive review of published research of inclusions. Chapter 3 focuses on 
inclusion characteristics in Si-deoxidized spring wires. We proposed two formation 
mechanisms of Al2O3-SiO2-CaO inclusions based on chemical compositions. Chapter 4 
presents inclusion density, morphology and composition elucidated by electron probe X-ray 
microanalysis based on pilot trials together with systematically samplings. The formation 
mechanisms of CaO-SiO2, Al2O3-SiO2-CaO, SiO2-MnO2 and Al2O3-SiO2-MnO inclusions 
were proposed based on EPMA analysis and thermodynamics calculations. Chapter 5 explores 
source, characteristics, and formation mechanism of Al2O3-containing inclusions in Al-
deoxidized spring steel. Chapter 6 proposes MgO and CaAl12O19 refractories obviously reduce 
the number density and average sizes of inclusions. Al2O3 refractory had a negative effect on 
the inclusions control owing to the widespread presence of Al2O3-SiO2-CaO inclusions. 
Chapter 7 presents six types of inclusions in Al-deoxidized spring with MgO refractories. Dual-
phase Al2O3-MgO-CaO inclusions were characterized by pure MgO cores surrounded by liquid 
Al2O3-CaO layer, which was related to the substitution of dissolved Ca and Al in molten steel 
for MgO in inclusions. Chapter 8 illustrates noticeable differences on liquidus temperatures of 
Al2O3-SiO2-CaO-MgO system between present experimental results, previous experimental 
data and predictions from FactSage 7.2. This system is directly related to the refining slags and 
oxide inclusions for the Si-deoxidised and Al-deoxidised spring steels. It is suggested to control 
the oxide inclusions through optimised refining time and refining slag composition. Chapter 9 
provides a summary of the thesis and the recommendations for future works. 
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Chapter 2 Literature review on inclusions 
The fatigue strength of spring steel is closely related to the properties of non-metallic inclusion, 
which are often present with various compositions and morphologies within a specific steel. [1-
3] Non-metallic inclusions are usually composed of metallic elements (i.e., Mn, Al, Si, Ca, Mg, 
V, Ti etc.) and non-metallic elements (e.g., O, C, N, S, etc.), present as compounds, solutions 
or mixtures in steel. For common cost-effective commercial steels, inclusions could not only 
cause a degrading in fatigue properties of steels but also an enormous scatter in the fatigue data. 
[4] The large inclusions and pores in steel usually contribute to a considerable scatter in fatigue 
data of steels in the early fatigue studies when steelmaking technology was not as advanced as 
it is nowadays. [5] The degrading influence of non-metallic inclusions on the fatigue strength is 
really conspicuous for spring steels and closely related to the strength level of steel.  
2.1 Classification of non-metallic inclusions based on origins 
During steelmaking and casting procedures, numerous practical procedures could contribute to 
the formation of inclusions, which can be categorized into indigenous and exogenous 
inclusions based on origins, as shown in Figure 2.1 [6].  
 
Figure 2.1 Typical non-metallic inclusion sources in refining processes.[6] 
2.1.1 Indigenous inclusions   
Indigenous inclusions are generally formed by the various reactions between alloying elements 
and dissolved gas (commonly oxygen) as deoxidation products or precipitated compounds 
during cooling and solidification of molten steel. [7-10] Pure Al2O3, SiO2, spinel, and Al2O3-SiO2 
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inclusions in steel are produced by reactions between [Al], [Si] and [Mg] from ferroalloy or 
Al-Fe alloys during deoxidation, casting and precipitation process.[8, 11-13] The primary 
deoxidation reactions are shown as Eqs [14], [2] and [3]. Typical morphologies of four types 
of inclusions were shown in Figure 2.2.  
2[Al] + 3[O] = Al2O3                                                              [14] 
[Si] + 2[O] = SiO2                                                                [2] 
[𝑀𝑔] + [O] = MgO                                                               [3] 
 
 
 
Figure 2.2 Typical morphologies of inclusions in spring steel. (a) Al2O3; (b) SiO2; (c) spinel; (d) Al2O3-SiO2. 
Tiekink et al. [15] reported the morphologies variation sequences of Al2O3 inclusions and 
described as the mechanism of local regional reaction and diffusions of [Al] and [O]. After the 
formation of small aluminium inclusions with high [O] contents in molten steel, needles and 
   12 
 
dendrites were formed at the inclusions edges caused by counter diffusions of [O] and [Al]. Jin 
et al. [16] observed four types of morphologies of Al2O3 inclusions, that is, sphere, aggregation, 
early stage of inclusions growth and dendrite, as shown in Figure 2.3. He suggested dendrite 
type inclusions are fully developed inclusions and could be grown into equiaxial Al2O3 or 
Al2O3 inclusions with one-dimensional dendrite with high dissolved [O] contents.  
 
Figure 2.3 Morphology of alumina inclusions generated during deoxidation of low-carbon steel deoxidized by 
Al: (a) sphere, (b) early stage of inclusion growth, (c) aggregation, (d) dendrite, (e) one-dimension dendrite. [16] 
In addition, three-dimensional cluster morphologies were also commonly observed for Al2O3 
inclusions, which was caused by particle collision and aggregation related owing to high 
interfacial energy. Yin et al. [17] reported the sequence of agglomeration and formation of Al2O3 
clusters: (a) formation of intermediate aggregates of Al2O3 particles from single particles 
smaller than 1 µm; (b) formation of loose structured dendritic clusters from these intermediate 
aggregates; (c) densification to more compact clusters with strengthening of joints in clusters 
by sintering. Zinngrebe et al. [18] explained the different behaviours of population density 
functions of cluster Al2O3 and matrix inclusions based on different growth mechanisms of 
inclusions.  Matsuura et al. [19] found Al2O3 inclusions were acicular at first, which were then 
gradually changed into clusters of granular Al2O3 spheres. Basu et al. 
[20] found aluminium 
cluster covered TiO-Al2O3 inclusions in Ti-bearing untlra low carbon steel samples from 
tundish, as shown in Figure 2.4. 
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Figure 2.4 Observed alumina cluster covered with TiOx-Al2O3 patch for Ti-bearing ultra-low carbon steel 
sample from tundish. [20] 
Calcium treatment was always utilized to modify the non-deformable Al2O3 and spinel 
inclusions in steel, which are transformed into deformable inclusions with low liquidus 
temperaures, as shown in Eqs. [4], [5], [6], [7] and [8]. Calcium sulfide inclusions are always 
formed during calcium treatment in steel, as shown in Eqs. [9]. Meanwhile, MnS inclusions 
are the commonly observed inclusions as a result of sulfur segregation, as shown in Eqs. [10]. 
The MnS inclusions are often found to nucleate on the surface of existing oxide inclusions to 
form dual-phase inclusions. Xu et al. [21] explored the formation mechanism of CaS-Al2O3 
inclusions in low sulphur Al-killed steel calcium treatment and found the  
(pctCaS)/(pctAl2O3)
1/3 in the inclusions increases with increasing T.Ca/T.O, regardless of the 
holding time after calcium addition. Zhang et al. [22] studied the transient evolution of non-
metallic inclusions after calcium treatment with vacuum induction furnace.  
Ca(l) = Ca(g)                                                           [4] 
Ca(g) = [Ca]                                                             [5] 
[Ca] + [O] = CaO                                                       [6] 
[𝐶𝑎] + Al2O3𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛 → Al2O3 − 𝐶𝑎𝑂𝑖𝑐𝑛𝑙𝑢𝑠𝑖𝑜𝑛 + [𝐴𝑙]                                       [7] 
[𝐶𝑎] + Al2O3 ∙ 𝑀𝑔𝑂𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛 → Al2O3 −𝑀𝑔𝑂 − 𝐶𝑎𝑂𝑖𝑐𝑛𝑙𝑢𝑠𝑖𝑜𝑛 + [𝐴𝑙] + [𝑀𝑔]         [8] 
[𝐶𝑎] + [S] = CaS                                                       [9] 
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[𝑀𝑛] + [S] = MnS                                                    [10] 
Since the solubility of sulphur in molten steel is much higher than that in solid steel, sulphur 
gradually segregates and FeS would form when temperature decreased below 1460K.[23] To 
avoid the FeS-caused steel embrittlement during heat treatment, appropriate amount of Mn was 
often added into steel to form MnS, owing to stronger affinity for sulphur of Mn compared 
with Fe. The free energy of formation for various sulphides found in steelmaking is shown in 
Figure 2.5, which indicates MnS is much more stable than other sulphides. Spinel is one of the 
most frequently observed inclusions in Al-deoxidized steel, the of formation mechanism and 
modification process of which had been thermodynamically investigated. Park et al.[24] 
investigated the thermodynamics relationship between molten high-alloyed stainless steel and 
spinel-type inclusions. He [25] also explored the thermodynamic equilibrium between the Fe-
16Cr melts and the CaO-Al2O3-MgO slags at 1823 K and found the relationship between 
log⁡(𝑋𝑀𝑔𝑂/𝑋𝐴𝑙2𝑂3)  of inclusions and log⁡(𝛼𝑀𝑔𝑂/𝛼𝐴𝑙2𝑂3)  of the slag demonstrates linear 
correlation with the slope close to unity. Kimura et al. [26] predicted the capillary interaction 
force between the two floating spherical particles existing at the gas-liquid interface, based on 
the general expression of the thermodynamic potential. 
 
Figure 2.5 Variation of Gibbs free energy of formation for various metal sulphides.[27] 
There are always some impurities present in ferroalloys, such as C, Al, Mg and S, which could 
also contribute to the inclusion formation in steel. Pande et al. [28] evaluated the influence of 
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ferroalloy quality on steel cleanliness utilizing eight different ferroalloys. He concluded that 
six ferroalloy factors were responsible for steel cleanliness, including base metal amounts, 
ferroalloy addition sequence, elemental impurities, inclusions inside, oxygen and sulphur 
contents and addition amount of ferroalloys. He [29] also study the effect of impurities in the 
ferroalloy FeTi (FeTi70 and FeTi35) and FeP on steel cleanliness. Thapliyal et al. [30] studied 
transient inclusions formation in low-carbon Si-deoxidized steel after ferroalloy additions of 
ferro-silicon (Fe75Si) and Ferro-manganese (FeMn) in the laboratory. Wijk et al. [31] explored 
the effects of Al and Ca in ferroalloy on the inclusions characteristics during deoxidation of 
molten steel on laboratory scale. Franklin et al. [32] investigated the influence of trace elements 
on non-metallic inclusions.  
Owing to the temperature drop of molten steel during the steel cooling, the solubility of 
dissolved [O], [N] and [S] decreased obviously and minor inclusions, such as alumina, silica, 
AlN, and sulphide started to precipitate in molten steel. Choudhary et al. [33] developed 
thermodynamic calculation procedure for oxide inclusions precipitation prediction of desired 
compositions for Al-Si-Mn deoxidation. Liu et al. [34] investigated the cooling rates on the 
precipitation and growth of inclusions during solidifications. For the precipitation of sulphide 
inclusions, the micro-size oxide inclusions often act as the nucleate site. Kim et al. [35] clarified 
the precipitation of MnS phase on the inclusion were significantly affected by thermal history 
of the steel. Holappa et al. [36] observed sulphide precipitation is promoted by sulphur in molten 
steel as well as the effects of decreasing temperature. The diameters of the two-phase inclusions 
are normally less than 10µm. Three parameters are closely related to the formation process of 
indigenous non-metallic inclusions: a) Molten steel temperature. Diffusion coefficient and 
oxygen solubility in steel decrease with the molten steel temperature drop, therefore facilitating 
the inherent inclusions formation; b) Dissolved oxygen and alloying elements contents. 
Increased contents of dissolved oxygen and alloying elements could promote the formation of 
indigenous inclusions; c) Gibbs’ free energy of inclusions formation. ∆G𝐵
𝜃  represents the 
thermodynamic stability of oxide inclusions. The more negative values of Gibbs’ free energy, 
the more stable for inclusions formation under specified conditions.  
2.1.2 Exogenous inclusions  
Exogenous inclusions, which are usually much larger and complicated than their indigenous 
counterparts, generally originated from various mechanically incorporation of refractory 
corrosion, refining slag emulsification and entrapped mold flux covering the molten steel as 
well as reoxidation process. [11, 37, 38] Typical characteristics of exogenous inclusions consist of 
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large dimensions but low number densities, multi-phase with heterogeneous chemical 
compositions, sporadic and accidental distributions, which usually act as nucleus sites for 
precipitation. [39, 40] The typical morphologies of these inclusions are illustrated in Figure 2.6. 
 
Figure 2.6 Typical morphologies of exogenous inclusions in steel. 
Exogenous inclusions are characterized with following features: 
(1) Large dimensions with spherical morphologies: Exogenous inclusions are usually larger 
than10 μm, much larger than indigenous inclusion. Inclusions related to refractory erosion are 
always larger than those from entrapped slag particles. For the exogenous inclusions with 
spherical shape, they always originate from entrapped slags.  
(2) Multiphase with complex compositions with low densities:  
a) The molten steel could react with MgO, SiO2, FeO, and MnO in slags as well as lining 
refractory, therefore generating Al2O3 inclusions on the surface of reaction products;  
b) Owing to the large diameter of exogenous inclusions, the deoxidation inclusions, like Al2O3 
could be entrapped on their surface;  
c) New inclusions could precipitate on surface of exogenous inclusions as these inclusions 
moves in the liquid steel, as is shown in Figure 2.7 [41]; 
 
Figure 2.7 Inclusion clusters in steel deoxidized by Al. [41] 
(3) Random distribution in steel, different from well-dispersed indigenous inclusions: 
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 As these inclusions always present as entrapped inclusions during the teeming and 
solidification of the steel, their presence is usually accidental and sporadic. Meanwhile, as these 
inclusions could easily float into the slags, they primarily assemble in the parts of the liquid 
steel where solidifying happened.  
• Exogenous inclusions from reoxidation. 
Reoxidation is generally acknowledged as a primary source of exogenous inclusions. After the 
exposure of molten steel to the ambient atmosphere, certain reactive components in the melt 
such as Al, Si and Ti would be easily oxidized by the O2. Three steps are included during the 
reoxidation process: (a) oxygen in the air phase was transported into the melt; (b) dissolved 
oxygen in the molten steel was transferred by the liquid phase mass; (c) oxide phase 
precipitated in molten steel, followed by collosion and growth into macro-inclusions. Through 
the refining process of molten steel, reoxidation could happen owing to different inappropriate 
operations: (a) Air ingress on teaming stream surface at various joints through refining process, 
e.g. junctions at ladle and nozzle, tundish and slide gate as well as slide gate and submerged 
entry nozzle [42]; (b) High contents of reducible oxides such as FetO, MnO and SiO2 of ladle 
slag, tundish cover powder and mold flux, which may result in severe reoxidation of [Al] in 
molten steel [43]; (c) Unstable oxides present in ladle glaze and refractory lining.[44] To prevent 
the formation of reoxidization inclusions, it is crucial to the eliminate the contact of steel with 
the air. Several methods were utilized to reduce the reoxidation behaviour: (a) protective 
pouring with inert gas, the devices of which are installed around bottom nozzle of the ladle; (b) 
injecting inert gas onto the tundish surface during pouring; (c) carefully controlling of volumn 
and flowrate of injected gas into the ladle to avert eye formation. [45]  
• Exogenous inclusions from entrainment and emulsification of ladle slag, tundish cover 
powder and mold flux. 
Researchers have done lots of work on inclusion formation due to slag entrainment. Kunpeng 
et al [46] reported that CaO-SiO2-MnO-MgO inclusions were formed from slag particles 
entrainment during BOF tapping. Meyer et al. [38] proposed inclusions with calcium-aluminate 
phase originated from slag entrapment. Luo [47] suggested  liquid CaO-containing inclusions 
could be considered as slag droplets on the melt surface, and had a desulfurizating effect on 
the nearby melt. Vazdirvanidis et al. [48] concluded ragged and irregular crack morphology was 
observed containing various non-metallic inclusions (Al2O3, Fe-Si-O, Fe-O and Ca-C-S-Na-
K-Mn-O systems) coming from slag entrapment. Several reason are widely considered 
responsible for the formation of entrainment-related exogenous inclusions: (1) entrainment of 
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tundish cover powders by vortexing/draining at the final stage of ladle dumping; (2) 
entrainment of tundish cover powder floating upwards the melt surface by violent impinging 
teeming stream during the ladle transferring; (3) entrainment of tundish cover powder floating 
upwards the molten steel surface by vortexing towards the tundish outlet, especially when the 
bath depth decreased during the ladle transferring; (4) entrainment of the fragments of the 
tundish lining, ladle glaze, ladle, long and submerged entry nozzle nozzle; (5) entrainment of 
alumina clusters, which are deposited on the inner wall of the tundish nozzle and the SEN and 
dislodged by turbulent melt flow to the mold. During refining practice, effective ladle 
operations such as gas or electromagnetic stiring, and slag washing are well conducted to 
eliminate slag entrainment.  
• Exogenous inclusions from eroded lining refractory. 
Large exogenous inclusions always come from eroded refractories, including well block sand, 
loose dirt, broken refractory brickwork and ceramic lining particles. These exogenous 
inclusions are typically solid and the compositions are close to the refractory materials of the 
ladle and tundish themselves. These inclusions usually have large size and irregular shapes, as 
shown in Figure 2.8 [49]. Exogenous inclusions could work as heterogeneous nucleation sites 
for minor alumina and silica inclusions. The quality of clean steel could be greatly harmed by 
refractory erosion products or mechanically introduced inclusions. Eroded refractories are also 
an important source of inclusions investigated by various researchers. Refractories erosion is 
always caused by the adhering of the top slag as the slag flows down the ladle wall during the 
drainage from the ladle to the tundish. Zhiyin Deng et al. [50] investigated that alumina 
refractory and spinel refractory had little impact on all the three types of inclusions, while the 
effect of MgO refractory depended on the activity of dissolved oxygen in liquid steel. 
 
Figure 2.8 Alumina clusters with exogenous inclusions.[49] 
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Chunyang Liu et al. [51] did immersion experiments of lining samples into a melt (steel melt 
or slag melt) to investigate the erosion process on inclusions formation. It was obvious that 
MgO was reduced by the Al at the interface and a compact MgO-Al2O3 layer was generated 
at the interface, as is shown in Figure 2.9 [51]. 
 
Figure 2.9 The elemental maps of the interface between MgO refractory and steel melt.[51] 
2.2 Inclusion behaviour during steelmaking process  
Quantities of previous research had been conducted on the influencing factors for the inclusions 
movement in molten steel. Taniguchi et al. [52] concluded five cohesion theories were included 
for particles movement in liquid: (a) function of collision frequency; b) relative motion 
collision cohesion; (c) laminar flow shear cohesion; (d) turbulent flow cohesion; (e) brownian 
cohesion. Yin Hongbin et al. [17] have performed much work on the in-situ observation and 
measurement of various oxide particles moving on the surface of molten steel. They found that 
the motion of oxide particles on the surface of a melt varies according to the characteristics of 
oxide.  
2.2.1 Inclusion nucleation and growth 
The interface properties of the steel-slag-inclusions systems are closely related to 
physicochemical properties of non-metallic inclusions, which had noticeable influence on the 
detachment and motion behaviour of non-metallic inclusions at interface between steel and 
slag. Xuan et al. [53] investigated the motion behaviours of liquid inclusions utilizing the force 
balance model and concluded capillary force is the main driving force of inclusions rebounding 
and thin-film drainage is the primary stage of inclusions separation. Nakajima et al. [54] 
concluded attraction or repulsion between inclusion particles is strongly influenced by the 
particle size and by the contact angle while less affected by inclusions density and interfacial 
tension. Xin et al. [55] developed a surface tension calculation model for Al2O3-SiO2-CaO-MgO 
systems and found surface tensions decreased with increased SiO2 contents, reduced MgO 
contents and increased temperature. Choi e al. [56] determined the wettability and wetting rate 
of Al2O3-SiO2-CaO slag on solid Al2O3 via experiments and developed a theoretical model to 
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quantitatively describe spreading behaviour. Reis et al. [57] predicted the inclusions absorption 
efficiency by molten slag would increase with increased thermodynamic driving force between 
slags and inclusions and reduced slag effective viscosities. Dissolved oxygen could react with 
metals in molten steel and form nucleation points based on the thermodynamic equilibrium of 
oxide formation reactions.  When deoxidisers are added into the molten steel, deoxidation 
products would nucleate either homogenously or heterogenously. Homogeneous nucleation 
would happen within pure liquidus melts while heterogeneous nucleation would occur on solid 
particles surfaces with surface energies. After the deoxidiser is added into the molten steel, the 
oxygen content around deoxidizer is lowered to the thermodynamic equilibrium value, forming 
homogenously distributed and deoxidation-related inclusions (Al2O3, Al2O3-SiO2 and spinel) 
less than 2µm in molten steel. It is widely acknowledged the various significant inclusions-
related circumstances happened within nano-scale almost instantaneously, the interfacial areas 
of which might be only several atoms in thickness. Large quantities of researcher have 
investigated the inclusions nucleation and growth in the past decades.  Lee et al. [58] suggested 
inclusion nucleation could be promoted further if the ferrite can adopt a rational orientation 
relationship with both the austenite and inclusion. Zhang et al. [59] concluded inclusions 
nucleation occurred predominantly with 1 and 10 µs and stable inclusion nuclei was merely 
between 10~20 Å in diameter. Wasai et al. [60] concluded nucleation occurs rapidly when the 
initial oxygen content was higher than the critical point of nucleation , but the growth of nuclei 
stopped just after ΔG reaches its minimum. Previous research of models for inclusions 
nucleation and growth was mainly conducted with experimental analysis, the nano-scale 
nucleation and growth of non-metallic inclusions had not been comprehensively investigated 
numerically.  
2.2.2 Inclusion agglomeration and coalescence 
In order to meet the demands for improved cleanliness of spring steel, the investigation of 
inclusion removal mechanisms is essential, including flotation, agglomeration, growth and 
adhesion to wall or bubble surfaces. The agglomerates of brittle oxide inclusions, such as Al2O3, 
could not only aggravate the fracture and harm fatigue strength of spring steel, but also 
aggregate on the refractories surface of nozzle and cause clogging in nozzles. Typical 
macrophotos of clogged nozzles are shown in Figure 2-10 [61]. Singh [62]investigated the studied 
the mechanism of alumina build-up in tundish nozzles during continuous casting of Al 
deoxidized steels, and proposed three reasons for the Al2O3 deposits: a) reaction between the 
refractory on nozzle surface and molten steel; b) deposition and accumulation of indigenous 
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Al2O3 inclusions; c) precipitation of alumina on the refractory of nozzle surface. Owing to 
generation of harmful enlarged inclusions in spring steel, the agglomeration of inclusion 
particles deserved special attention. In order to estimate the agglomeration process accurately, 
a number of numerical simulations have been made until now. Mu et al. [63] investigated the 
influential factors of non-metallic inclusions agglomeration utilizing the revised Kralchevsky-
Paunov model and found inclusion density and contact angle have a more remarkable effect on 
the capillary force than surface tension of molten steel. Nakaoka et al. [64] established particle-
size-grouping (PSG) methods to investigate the inclusion agglomeration behaviour. Wang et 
al. [65] proposed inclusions would agglomerate to form clusters after morphological changes, as 
shown in Figure 2-11.  
 
Figure 2.10 Macrophoto of colgged nozzles: lower part has diameter of 5mm.[61] 
 
Figure 2.11 (a) through (d) Inclusion clustering after CaS formation during solification.[65] 
2.2.3 Inclusion flotation into a top refining slag 
Three steps were included for the inclusions movement into the top slag layer. The first step is 
the inclusions transferring upwards the steel-slag interface, which is greatly affected by fluid 
dynamic stream of molten steel as well as the inclusions motion trails. The second procedure 
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is interaction between inclusions and interface, which determined whether inclusions would 
pass through the layer or remain in the molten steel. Different interfacial phenomena were 
involved in this step. Cramb et al. [66] investigated that emulsions and aggregation of molten 
steel in slag, or vice-versa, did not pass through the interface instantly and they always 
remained near the interface. They concluded that aggregated particles larger than 6mm could 
easily puncture the interface between steel and slag owing to higher floatage forces than 
interfacial resistance. The final step for inclusion flotation into slag layer is the inclusion 
dissolution into the refining slag. This is a surface reaction where the solute molecules on 
inclusion surface move into the molten steel continuously with the reduction of particle mass. 
Four processes are included in the final step, as shown in Figure 2.12 [66]. The aggregation and 
re-entrainment of inclusions near the slag/steel interface would be aggravated if the inclusion 
dissolution rate is low. 
 
Figure 2.12 One-dimensional particle dissolution model: (Ⅰ) diffusion of the solute molecules from solid to 
liquid layer; (Ⅱ) escape of solute molecules from solid to liquid layer; (Ⅲ) diffusion across a solid reaction 
product; (IV) solute diffusion within the liquid boundary layer.[66] 
2.2.4 Inclusion behaviour prior to the solidification fronts 
The interaction between inclusions and solid steel during the solidification has been attracting 
the attentions from researchers. Since the integrity of steel microstructure was closely related 
to the engulfed second phase particles instead of evolving solid matrix phase, quantities of 
researchers focused on inclusions behaviour prior to the solidification fronts. Yin et al. [67] 
investigated the agglomeration of solid CaO-Al2O3and solid CaO-Al2O3-SiO2 inclusion 
particles and discussed the phenomenon with inert gas/oxide inclusions/liquid steel three-phase 
interfacial interaction. Kimura et al. [68] investigated the interaction phenomena of non-metallic 
inclusions in front of a moving solid-liquid interface and found the velocity of advancing 
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interface firstly increased while approaching the particle, but became stagnant during 
engulfment and increased again after that.  
2.3 Inclusions properties affecting the spring steel properties  
When periodic loads were applied onto the spring steel surfaces, the fatigue failure and fracture 
of steel would happen, even when the stress is less than the yield stress of the materials. The 
fatigue resistance properties of spring steel were closely related to the properties of non-
metallic inclusions.  
2.3.1 Inclusions size 
After the adoption of advanced metallurgy techniques, the [O] and [S] contents could be 
controlled within 10 ppm and the inclusions sizes could be decreased to less than 1μm. [69] 
However, the steelmaking process would be costly if the mentioned elements contents and 
inclusions diameters were well-controlled to such level. Therefore, the critical inclusion sizes 
were proposed under which the influence of inclusions on steel fatigue resistance is not obvious. 
Zhang et al.[70] found the fatigue strength of clean steel is substantially improved compared 
with its commercial counterpart due to the average inclusion size decreasing. They also 
discovered that when the inclusion size is smaller than the critical size, the fatigue failure 
mainly originates from the inclusion clusters. Yang et al. [71] estimated the critical inclusion 
size (CIS) of high strength steels with given matrix hardness or tensile strength and the surface 
roughness under ultra-high cycle fatigue. They discover that the CIS decreases with increasing 
Vickers hardness (or tensile strength) and/or decreasing surface roughness of specimen. Furuya 
[72] investigated inclusion size effects on gigacycle fatigue properties of high-strength steel 
under ultrasonic fatigue testing and found that inclusion sizes at the fish-eye fracture origins 
increased in proportion to increased risk volume, indicating that this enlargement of inclusion 
sizes is the primary reason of degradation of fatigue strength. 
2.3.2 Inclusions morphologies 
It is widely acknowledged that the fatigue resistance of spring steel is closely related to 
inclusions morphologies, owing to the generation of local stress concentrations and minor 
cracks around inclusions caused by irregular shapes and sharp edges. Zhang et al. [73] analyzed 
the influence of inclusion morphologies and interface conditions on the driving forces for 
fatigue crack nucleation and found inclusions shapes had minimal influence on fatigue crack. 
Yang et al. [74] proposed the stress concentrations related to different shape inclusions reached 
maximum at the interface of inclusions and matrix when elastic modules of inclusions being 
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different from that of matrix. The behaviour of short cracks between inclusions and the matrix 
under rolling contact fatigue load was simulated by. Neishi et al. [75] proposed MnS 
morphologies would affect the initiation and propagation behaviour of these “perpendicular 
cracks” since the local stress value could be changed caused by inclusions morphologies.  
Melander [76] studied the effects of inclusions morphologies on cracks initiations. Yu et al. [77] 
proposed two cracks formed in front and rear of the inclusions for hard square inclusions and 
one crack formed in rear of the inclusions for hard triangular inclusions. TiN-inclusions are 
characterized with angular edges which would serious undermine the mechanical properties of 
steel and could cause serious cracks in spring steel. 
2.3.3 Thermal expansion coefficients 
The very high cycle fatigue (VHCF) in high-strength spring steel usually originated from non-
deformable inclusions. Owing to the local stress associated to thermal dilatation coefficients 
between the matrix and inclusions, the fatigue cracks were usually observed in spring steel. 
During cooling after hot rolling and heat treatment of quenching and tempering, thermal 
stresses would be generated around inclusions, which could be reduced with the proper hot 
rolling process of the steel. The thermal stress is especially noticeable when thermal expansion 
coefficients of inclusions are much smaller than that of the steel matrix. For inclusions with 
higher thermal expansion coefficients larger than that of steel matrix, including MnS and CaS, 
the tensile residual stresses would not be influential for steel properties. For dual-phase 
inclusions with oxide cores and sulphide shells, the harmful residual stresses between 
inclusions and matrix could be reduced owing to the larger thermal expansion coefficients of 
sulphide shell. The thermal internal stresses properties of different inclusions are shown in 
Figure 2-17 [78]. It could be concluded that voids are always formed between sulphide inclusion 
and steel matrix, whereas dilatational stresses could be caused by most oxides inclusions. These 
stresses could greatly damage the mechanical properties of the steel matrix and cause localized 
yielding. Yamada et al. [79] suggested the obvious difference between Al2O3 inclusions and 
matrix could facilitate ferrite nucleation on inclusions.  
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Figure 2.13 Stress raising properties of various inclusion types in 1%C-Cr-bearing steel. [78] 
2.3.4 Young's modulus and bonding strength 
Owing to the Young’s modulus of non-deformable inclusions, including TiC, Al2O3 and CaO-
Al2O3, being much higher than that of spring steel, the stress concentration would occur near 
inclusions; therefore microscopic cracks could form near the boundaries between inclusions 
and spring steel during hot rolling. However, the sulfide inclusions with lower Young’s 
modulus than matrix did not have obvous influence on steel properties. Because the bonding 
strength of the inclusions to the steel matrix is not often desirable, minor fatigue cracks always 
occurs near boundaries between the inclusions and the steel matrix.  
The thermodynamics and elastic value of different inclusion types are shown in Table 2.1[80]. 
Lots of previous researchers proposed the non-deformable spherical inclusions of 40~100µm 
were critical for void formation and coalescence, which was related to the interface bounding 
forces between matrix and inclusions caused by friction and bonding. [81, 82] Beremin [83] 
determined the conditions for cavity formation from elongated MnS inclusions based on 
experiments on A508 class 3 steel, which was related to the Young’s modulus differences 
between inclusions and steel. Hu et al. [84] confirmed crack size increased with decrease of the 
bond strength between inclusions and strip matrix utilizing the 3D FEM simulation on the 
platform of LS-DYNA.  
Table 2.1 Value of coeffieicents of thermal expansion [80] 
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2.4 Conclusions and challenges 
In general, various types of inclusions had been investigated in Si- and Al-deoxidized spring 
steel. For the Si-deoxidized spring steel, previous researcher proposed different formation 
mechanism of Al2O3-SiO2-CaO inclusions, which deserved further elucidation as to whether 
they were formed by intrisic reactions or transformation from other inclusions. For the dual-
phase Al2O3-MgO-CaO system inclusionsin spring steel deoxidized by Al, former research 
concluded they were transfromed from irregular-shape spinel inclusions by dissolved Ca in 
molten steel and then covered with liquid calcium aluminate phase. This is not applicable for 
our research since dissolved Ca content in molten steel was low for the modification, which 
deserved further investigation. Since previous studies regarding the effects of refractory on 
inclusions were mainly related to Al-deoxidized steel, it would be necessary to explore the 
effects of different refractories on inclusions in Si-deoxidized spring steel. In addition, previous 
research regarding the effects of refractories on inclusions mainly focused on the phase 
generation and transformation between liquid steel and refractory with different reactions time. 
In fact, the effects of MgO refractories on the inclusions characteristics and evolution with 
different reaction time have rarely been compared, thus a systematic investigation are needed.  
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Chapter 3 Inclusion characterization and formation mechanisms 
in spring steel deoxidized by silicon 
This Chapter has been published in Metallurgical and Materials Transactions B, 2019, 50, 
2, P732-747. 
 
Chapter abstract: To elucidate the mechanism of formation of inclusions in microalloyed 
spring steel deoxidized by Si, their number, morphology, and chemical compositions were 
analyzed by electron probe X-ray microanalysis. Wavelength-dispersive spectrometry and 
Monte Carlo simulation were used to confirm the existence of inherent FeO in the inclusions. 
Additions of Nb and V did not have an observable influence on the formation of inclusions. 
Based on the major chemical compositions, the inclusions in spring steel were classified into 
four types: CaO–SiO2, Al2O3–SiO2, Al2O3–SiO2–CaO, and MnS. Most CaO–SiO2 inclusions 
were around 10 μm in diameter, with their composition close to that of the refining slag and 
liquidus temperatures all below 1400 °C. The Al2O3–SiO2 inclusions were mainly attributed to 
deoxidization products. They were usually multi-phased with liquidus temperatures higher than 
1500 °C and smaller than 10 μm in diameter. Most Al2O3–SiO2–CaO inclusions with high 
Al2O3 and SiO2 contents originated from the coalescence of CaO–SiO2 and Al2O3–SiO2 
inclusions; those with high CaO and SiO2 contents were considered to form by reduction of 
CaO–SiO2 inclusions by Al dissolved in the steel. 
 
 
 
Keywords: Inclusions; spring steel; electron probe microanalysis; silicon deoxidization; 
mechanism 
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3.1 Introduction 
Hardened and tempered spring steel is manufactured to be suitable for working under high 
cyclic stresses,[1-4] especially in environments where high strength, superior wear resistance, 
and fatigue strength are required.[5] In the automobile industry, such steel is usually used for 
suspension, valve, clutch, and plate springs that require high strength and fatigue resistance.[6-
8] It is widely acknowledged that fatigue cracking of spring steel can initiate at non-metallic 
inclusions.  
The fatigue strength of spring steel is closely related to the properties of the inclusions.[9-15] 
Small and deformable inclusions are less harmful because these can reduce fatigue crack 
initiation and propagation during working of spring rods under elevated dynamic stresses.[16-18] 
Aluminum is a common deoxidizer owing to its strong affinity for oxygen; however, inclusions 
of Al2O3 clusters are frequently observed in Al-deoxidized steel. These cause several problems, 
such as clogging of submerged entry nozzles,[19-21] deterioration of surface quality,[22] and 
fatigue resistance of spring steel, especially when spinel-like Al2MgO4 is formed through the 
interaction of Al2O3 with Mg that originates, for instance, from the slag and/or MgO–C 
refractories.[23-26] To avoid the formation of non-deformable Al2O3-rich inclusions, ferrosilicon 
and ferromanganese alloys with low aluminum content are widely used for the deoxidizing of 
spring steel.[27, 28]  
Different types of inclusions have been reported in Si-deoxidized spring steel. Using scanning 
electron microscopy and energy-dispersive X-ray spectroscopy (EDS) analysis, Lee et al.[29] 
reported the presence of Al2O3, SiO2, and iron oxide inclusions in spring steel. Nishijima et 
al.[30] explored different oxide inclusions using five microscopic methods. Suito et al.[31] 
investigated the equilibria between inclusions, steel, and top slag with respect to Si and Mn for 
tire cord steel. Stepanov et al.[32] concluded that the primary composition of inclusions in spring 
steel deoxidized by Si was SiO2–MnO–Al2O3–CaO–MgO, which originated from MnO–
SiO2–Al2O3 inclusions in the steel. Li et al.[33] investigated the preferred composition regions 
for MnO–Al2O3–SiO2 inclusions in spring steel deoxidized by Si. Du et al.[34] reported the 
presence of Al2O3–CaO–SiO2 inclusions with an Al2O3 content exceeding 60 % in spring steel 
deoxidized by Si.   
Among the oxide inclusions mentioned above, it is generally agreed that the sources of the 
MnO–SiO2–(Al2O3) inclusions are either deoxidization or precipitation products.[35-38] Several 
studies have been conducted on Al2O3–SiO2–CaO inclusions. Korousio[39] developed a 
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deoxidization-control model for Al2O3–SiO2–CaO inclusions at 1600 °C. Ohta et al.[40] 
determined the activities of SiO2 and Al2O3 in CaO–SiO2–Al2O3 slags and the deoxidation 
equilibria of Si and Al. However, these studies lacked agreement regarding the mechanism of 
formation of Al2O3–SiO2–CaO inclusions. Maeda et al.[41] suggested that these inclusions 
originated from entrapped slag. From results of laboratory experiments and industrials tests, 
Chen et al.[42] proposed that Al2O3–SiO2–CaO inclusions transformed from Al2O3–SiO2–MnO 
inclusions owing to the increase of [Ca] content in the steel. Cai et al.[43] explained the 
transformation of Al2O3–SiO2–MnO inclusions based on thermodynamic calculations and 
results of industrial trials. Wang et al.[44] suggested that Al2O3–SiO2–CaO–(MgO) inclusions 
originated from CaO–SiO2–MnO–(MgO) inclusions. As described above, there are widely 
ranging views on the formation and evolution of Al2O3–SiO2–CaO inclusions in spring steel 
deoxidized by Si. This topic warrants further investigation and elucidation as to whether these 
inclusions are formed by intrinsic reactions in the molten steel or transformed from other 
inclusions.  
Two-dimensional investigation on a polished cross-section of a steel sample is widely applied 
for analysis of inclusions.[45-48] In such studies, FeO was reported in inclusions and sometimes 
constituted a primary component.[49-51] Hilty et al.[52] observed FeO inclusions in molten steel 
containing 0.015 % Si. Kawashita et al.[53] observed FeO–Al2O3 inclusions when the Al content 
was below 0.0006%. Choi et al.[54] observed Ti–O inclusions with small amounts of Fe in cast 
samples of Fe–0.028 mass% Ti. However, discrepancies remain regarding the existence of FeO 
in inclusions. Owing to the spatial resolution of analytical instruments, the steel matrix can 
exert enormous influence on the determined chemical composition of inclusions, especially 
regarding the concentration of FeO. In addition, small inclusion sizes can increase the impact 
of the steel matrix on EDS microanalysis results. Bi et al.[55] illustrated electron beam deviation 
from the inclusion center: an interaction volume larger than the inclusion size could increase 
the detected Fe content. Doostmohammadi et al.[56] found that the Fe content in inclusions 
decreased significantly from 90 % at 1 μm particle diameter to 20 % at 10.5 μm, which was 
closely related to the composition of the commercial tool steel matrix. These authors suggested 
that the content of elements such as Fe and Cr should not usually be considered during the 
recalculation of inclusion compositions obtained from EDS results. Gram et al.[57] proposed 
that the Fe peak from EDS spectra of inclusions should be deleted to eliminate the contribution 
of the steel matrix.  
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To investigate the formation and evolution of inclusions, accurate and large numbers of 
inclusion compositions are required. In the present study, three spring samples were analyzed 
to compare the influences of small amounts of V and Nb on inclusion compositions. Electron 
probe X-ray microanalysis (EPMA) was used to accurately measure the compositions, sizes, 
and shapes of the inclusions. The inclusions present in the spring samples were systematically 
investigated and mechanisms of formation of the different inclusions were proposed based on 
a wide range of quantitative data and microstructures. Wavelength-dispersive spectrometry 
(WDS) and Monte Carlo simulation were carried out to verify the existence of trace contents 
of inherent FeO in the inclusions.  
3.2 Experimental 
3.2.1 Steelmaking Process and Sampling 
To investigate the influence of Nb and V additions on inclusion compositions, three spring 
samples with different Nb and V contents, named S1, S2, and S3, were prepared using the same 
process, which was sampled from spring rods during production. Their chemical compositions 
are listed in Table 3.1. The total mass contents of Nb and V of the S2 steel were 0.25 %; the 
mass content of V for the S3 steel sample did not exceed 0.05 %.   
Table 3.1 Chemical compositions of three spring samples (mass%). 
 
The steelmaking process followed the sequential steps through an electric arc furnace (EAF) 
→ ladle furnace (LF) refining → vacuum degassing (VD) → continuous casting (CC). Figure 
3.1 illustrates the manufacturing process. In EAF primary steelmaking, about 40 % molten iron 
was charged with 60 % steel scrap. High-purity Fe–Cr, Fe–Mn, and Fe–Si ferroalloys (all 
containing less than 1 % Al) and the refining slag components (CaO, SiO2, Al2O3, and MgO) 
were added into the ladle during EAF tapping. The tapping temperature was 1650 °C. Ladle 
refractories were mainly MgO–C bricks. In the subsequent LF refining, a low-basicity slag 
(CaO/SiO2 = 0.8–1) was used, and the FetO and MnO contents of the refining slag were below 
0.5 %. Niobium and vanadium alloys were added into the molten steel during LF refining. 
 C Si Mn Cr P S Al Nb V T[O] 
S1 0.55 1.51 0.64 0.68 0.012 0.005 0.0023 0.00 0.001 0.0020 
S2 0.54 1.49 0.62 0.70 0.012 0.005 0.0040 0.05 0.200 0.0015 
S3 0.56 1.50 0.61 0.69 0.011 0.004 0.0025 0.00 0.050 0.0018 
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After VD degassing, the molten steel was subjected to CC into rectangular blocks (325 mm × 
420 mm). The tundish powder was primarily composed of MgO and MgCO3. The mold flux 
was mainly composed of CaO, SiO2, Na2O, CaF2, Al2O3, and MgO. The block was reduced to 
a square billet of smaller size (142 mm × 142 mm). The billet was hot rolled into spring rods 
with diameters of 5.5–18.0 mm. Slag sampling was conducted with sampling bars. To 
investigate the inclusion formation mechanism and the influence of Nb and V additions on 
inclusion compositions, spring samples were cut along the rolling direction for the three heats. 
 
 
Figure 3.1 Flowsheet for manufacture of spring samples. 
3.2.2 Analyses of Steel Samples 
Steel and slag samples were carefully prepared for EPMA. As-received steel samples were cut 
longitudinally for inclusion analysis. After mounting, the samples were ground and polished. 
Inclusions smaller than 1.0 μm were not included in this investigation owing to the matrix 
effect on their analyzed compositions. Rectangular polished sample surfaces, of around 2.0 
cm2, were manually scanned line-by-line by EPMA to ensure that no inclusions were omitted. 
The hot rolling and heat treatment processes of the spring rods could have a strong influence 
on the formation and size of MnS inclusions. The size reduction of MnS inclusions was 
enhanced by maintaining the hot-rolling temperature between 1000–1050 °C. During a heat-
treatment process, longer insulation time and slower rate of temperature increase are favorable 
for control of MnS inclusions.[1, 2] The chemical composition of Al2O3–SiO2 inclusions is 
strongly influenced by the solidification process because mullite and spinel form with a 
decrease in temperature from 1600 °C to 1200 °C, as discussed in Section III.G. Inclusions and 
pores were readily identified in EPMA images because inclusions had a brighter appearance, 
caused by their higher electron-backscattering coefficient: the brightness threshold value for 
inclusions was between 170 and 190, which was slightly lower than the matrix brightness. This 
range of values was selected to isolate detected oxide inclusions from the matrix.  
After each analysis, the sample surfaces were repolished and prepared for inclusion 
characterization. Each sample was analyzed more than ten times. A JXA 8200 electron probe 
X-ray microanalyzer (JEOL, Japan) with wavelength-dispersive detectors was used for 
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microstructure and composition analyses. The EPMA operating parameters included an 
acceleration voltage of 15 kV, probe current of 15 nA, probe diameter of “zero” (the smallest 
operating probe diameter achieved by the focused electron beam), peak measuring time of 30 
s, background position of ± 5 μm, and background measuring time of 10 s. EDS was used to 
identify and locate non-metallic inclusions in the steel; WDS was performed to measure their 
composition. Compositions of inclusions with a diameter larger than 1 μm can be accurately 
determined by EPMA.[3] Some line analyses were also carried out for relatively large inclusions. 
Standards used for analysis were spinel (MgO∙Al2O3) for Al and Mg, CaSiO3 for Ca and Si, 
FeS2 for S, rutile (TiO2) for Ti, chromite (FeCrO₄) for Cr, spessartine (Mn3Al2Si3O12) for Mn, 
and Fe2O3 for Fe. The ZAF correction procedure supplied with the instrument was applied. 
Different analyzer crystals were used to cover the entire X-ray spectrum: lithium fluoride (LIF), 
pentaerythritol (PET), thallium acid phthalate (TAP), and artificial layered dispersive element 
(LDE) crystals. The energies of the Kα X-rays are as follows:
[4] Mg (1.25 keV), Al (1.49 keV), 
Si (1.74 keV), Ca (3.69 keV), Fe (6.41 keV). For reliable analysis data, the accelerating voltage 
should be twice the energy value. Only elemental concentrations can be measured by EPMA. 
Compositions of the phases were recalculated by assuming the valence state of each element. 
The average accuracy of the EPMA measurements was within 1 mass%. Inclusions in spring 
steel are usually small in size and it is important to measure their compositions accurately. 
Figure 3.2 shows a typical EPMA line analysis of a sizeable CaO–SiO2 inclusion observed on 
the longitudinal surface of S1. The inner part of this large inclusion showed uniform 
composition. The liquid phase was frozen by cooling and the concentrations of SiO2 and CaO 
were consistent across most of the diameter.  
 
Figure 3.2 Typical CaO–SiO2 inclusions: (a) morphology; (b) elemental line analysis by electron probe 
microanalysis. 
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3.3 Results and discussion 
A typical quenched VD slag was analyzed by EPMA. Its composition is given in Table 3.2. Its 
basicity was 0.79 and it contained 13.9 mass% MgO. The glass phase was homogeneous, which 
indicated that the slag was completely liquid before quenching.  
Table 3.2 Chemical composition of vacuum degassing (VD) Slag (mass%) as analyzed by electron probe 
microanalysis. 
Component CaO SiO2 MgO Al2O3 TiO2 FeO Cr2O3 MnS CaO/SiO2 
Content 35.7 45.2 13.9 3.0 0.3 0.2 0.1 0.1 0.79 
 
3.3.1 Classification of Inclusions  
Based on their chemical compositions, the inclusions found in this study were classified into 
four types: CaO–SiO2, Al2O3–SiO2–CaO, Al2O3–SiO2, and MnS, as shown in Table 3.3. 
Figure 3.3 shows representative morphologies of the inclusions in the three steel samples. For 
simplification, MgO was not included as a major component, although it was as high as 15 
mass% in the CaO–SiO2 inclusions of S3. The dimensions of inclusions are crucial to fatigue 
resistance of spring wires. Some reports have tended to focus on the maximum length of 
inclusions;[5, 6] however, this is not convincing because the area of inclusions with the same 
maximum length might differ owing to their deformation and elongation during hot rolling. To 
obtain comprehensive information on inclusion sizes in the three spring samples, the equivalent 
average inclusion size was regarded as the inclusion size. This was calculated as the diameter 
of a circle with the same area as the inclusion.[7, 8] Figure 3.3 clearly shows that the CaO–SiO2, 
Al2O3–SiO2–CaO, and Al2O3–SiO2 inclusions had a stripe shape along their longitudinal 
sections owing to elongation during hot rolling.  
Table 3.3 Classification of inclusion types based on chemical composition. 
 Inclusion Composition, mass%  
Al2O3 SiO2 CaO MgO MnS 
CaO–SiO
2
 <10 >35 >20 ≤15 <1 
Al2O3–SiO2–CaO >15 >35 >15 <5 <1 
   38 
 
 
 
 
 
 
 
Figure 3.3 Morphologies of typical inclusions in three steel samples. 
Chemical compositions of the inclusions in the steel samples are listed in Table 3.4. The 
detected niobium and vanadium oxide contents in the inclusions in S1 and S3 were all below 
0.05 mass% so these oxides were not considered as significant components. The effects of 
niobium and vanadium additions on inclusion composition were negligibly small. CaO–SiO2 
inclusions in S1 and S2 showed a CaO/SiO2 ratio of 1.0–1.1 and (CaO + MgO)/SiO2 ternary 
ratio of 1.2–1.3; however, these values were significantly lower in S3, at 0.4–0.5 and 0.7–0.8, 
respectively. Small amounts of FeO were always present in the inclusions. The SiO2, FeO, 
MnO, and MgO concentrations in the oxide inclusions of S3 were higher than those in S1 and 
S2. The average Al2O3 concentration in the CaO–SiO2 inclusions was lowest in S3. The lower 
FeO, MnO, and SiO2 contents in the CaO–SiO2 inclusions in S1 and S2 were related to their 
reduction by dissolved [Al] in the molten steel. Zhang et al.[6] also proposed that [Al] remaining 
in molten steel could be oxidized by FeO, MnO, and SiO2 in the slag. The operational 
parameters were not necessarily the same for each heat during sample production so differences 
in the extent of entrapment and chemical composition of the refining slag might have 
contributed to the different MgO contents in the CaO–SiO2 inclusions. In addition, the higher 
Al2O3–SiO2 >40 >20 <15 <10 <1 
 Al Si Ca Mg MnS 
MnS <1 <1 <1 <1 >95 
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MgO content in the CaO–SiO2 inclusions in S3 could also be related to different corrosion 
extents of the refractories during the refining process. Lower slag basicity and Al2O3 content 
can increase MgO–C refractory corrosion, which was verified by a crucible test in a vacuum 
induction furnace.[9] Huang et al.[10] also found that a high FeO content in the slag could 
facilitate damage of refractory linings. Ikesue et al.[11] showed that the corrosion rate of MgO–
C refractory bricks increased with higher MnOx content in the refining slag. The findings of 
this study are in line with these previous reports.  
Table 3.4 Chemical compositions of typical inclusions in three samples (mass%). 
   No. Size/μm CaO SiO2 MgO Al2O3 FeO Cr2O3 MnS MnO TiO2 
CaO–
SiO2 
S1 
1 12.0 36.6 37.7 9.3 9.3 3.4 0.1 2.8 0.8 0.0 
2 9.5 38.2 39.5 10.8 6.8 3.8 0.1 0.5 0.3 0.0 
3 9.8 39.6 38.3 10.3 9.1 2.2 0.0 0.3 0.2 0.0 
S2 
1 8.9 42.8 37.8 8.9 6.1 2.7 0.0 1.3 0.4 0.0 
2 13.7 41.3 37.3 8.6 9.1 2.6 0.1 0.8 0.2 0.0 
3 5.9 37.7 41.4 9.4 3.1 4.9 0.1 2.4 1.0 0.0 
4 9.2 42.0 37.9 8.4 5.6 4.7 0.1 0.9 0.3 0.1 
S3 
1 15.2 24.4 50.8 14.4 4.8 2.5 0.1 0.9 0.5 1.6 
2 3.4 24.9 45.2 10.1 7.7 8.7 0.1 1.5 0.9 0.9 
3 5.4 21.5 49.5 14.6 6.3 4.2 0.1 1.7 1.0 1.1 
4 3.7 20.7 46.6 14.7 2.5 8.8 0.2 2.9 1.6 2.0 
5 4.7 21.0 47.7 13.8 3.1 5.7 0.1 3.8 3.7 1.1 
6 3.7 24.4 49.7 14.6 4.8 3.0 0.1 1.5 0.9 1.0 
7 2.7 25.3 47.2 13.5 4.8 2.4 0.1 0.7 4.3 1.7 
Al2O3
–
SiO2–
CaO 
S1 
1 6.1 19.4 42.5 0.1 34.3 3.5 0.1 0.1 0.5 0.0 
2 2.8 20.0 39.7 0.8 33.6 5.5 0.1 0.1 0.1 0.1 
3 3.1 20.4 39.5 0.6 33.3 5.8 0.1 0.1 0.1 0.1 
4 6.1 18.1 41.6 0.4 31.2 7.6 0.1 0.5 0.3 0.2 
5 6.7 19.3 39.4 0.2 32.7 8.0 0.1 0.2 0.1 0.0 
6 2.3 24.9 42.0 9.2 17.8 5.1 0.2 0.2 0.2 0.6 
7 4.3 22.6 38.2 11.0 18.5 8.5 0.3 0.4 0.2 0.3 
8 2.2 24.4 39.5 10.5 17.7 6.5 0.3 0.4 0.2 0.7 
9 3.6 25.2 39.0 8.9 16.3 9.1 0.5 0.6 0.4 0.0 
S2 
1 5.8 18.9 37.6 0.8 35.6 6.5 0.2 0.3 0.1 0.0 
2 4.8 20.2 41.0 0.2 35.3 3.2 0.0 0.1 0.2 0.0 
3 5.4 18.7 40.0 0.0 32.2 8.5 0.2 0.1 0.2 0.1 
4 3.9 20.8 41.2 0.6 34.0 3.4 0.0 0.1 0.2 0.0 
5 3.7 18.3 40.3 0.8 34.5 5.5 0.1 0.2 0.2 0.1 
6 5.7 21.0 38.3 0.1 34.9 5.6 0.0 0.1 0.4 0.0 
7 2.8 26.5 44.8 3.1 18.9 5.5 0.2 0.2 0.2 0.6 
8 2.6 26.7 43.2 2.0 19.4 7.1 0.3 0.5 0.1 0.7 
9 5.0 27.3 42.3 2.3 17.6 8.6 0.6 0.8 0.5 0.0 
10 4.4 18.7 36.2 3.4 36.0 4.6 0.1 0.3 0.2 0.5 
S3 
1 10.6 19.7 43.0 0.6 32.0 4.0 0.0 0.4 0.3 0.0 
2 5.1 23.9 46.0 0.7 22.9 5.3 0.0 0.7 0.5 0.0 
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3 4.3 28.3 45.7 0.6 18.3 4.8 0.0 1.4 0.9 0.0 
4 4.4 21.0 37.2 0.1 33.6 7.6 0.1 0.2 0.2 0.0 
5 6.7 30.2 47.3 0.6 16.6 2.7 0.0 1.7 0.9 0.0 
6 7.5 20.2 42.8 0.7 33.5 2.5 0.0 0.2 0.1 0.0 
7 4.6 19.1 46.6 1.0 30.3 2.5 0.0 0.3 0.1 0.1 
8 4.8 19.4 43.8 1.2 29.0 5.8 0.1 0.4 0.3 0.0 
9 4.0 30.4 44.1 0.6 16.2 6.4 0.0 1.5 0.8 0.0 
Al2O3
–SiO2 
S1 
1 3.3 4.7 39.5 2.2 38.9 9.8 0.7 2.9 1.1 0.2 
2 2.2 4.8 27.3 5.9 50.9 7.0 0.5 1.9 1.1 0.6 
3 2.3 6.5 25.4 3.3 48.4 7.0 0.5 6.0 2.5 0.4 
S2 
1 2.7 5.6 20.4 4.0 65.0 2.5 0.0 1.5 0.7 0.3 
2 2.8 8.3 29.0 4.4 47.7 8.9 0.1 1.0 0.5 0.1 
3 2.6 5.6 20.4 4.0 65.0 2.5 0.0 1.5 0.7 0.3 
4 2.8 6.4 27.3 3.4 54.5 7.1 0.1 0.6 0.4 0.2 
5 2.8 7.1 20.2 6.8 56.8 5.4 0.2 2.3 1.1 0.1 
6 5.9 8.4 44.9 3.0 37.3 5.2 0.1 0.7 0.4 0.0 
S3 
1 6.6 0.8 37.5 2.0 51.9 5.1 0.2 1.2 0.7 0.6 
2 6.2 0.9 35.7 2.1 54.3 4.6 0.1 1.1 0.7 0.5 
3 5.8 8.2 50.7 4.8 25.7 8.1 0.2 1.4 0.7 0.2 
  No. Size/μm Ca Si Mg Al Fe Cr Mn S Ti 
MnS 
S1 1 6.3 0.0 0.7 0.0 0.2 3.8 1.6 59.2 34.5 0.0 
S2 1 7.2 0.0 0.5 0.0 0.0 7.7 1.7 56.9 33.2 0.0 
S3 1 6.7 0.1 0.8 0.1 0.0 5.5 0.7 58.6 34.2 0.0 
 
In addition to the observed oxide inclusions, (Nb, V)C particles were observed in S2, as shown 
in Figure 3.4. These niobium- and vanadium-rich carbides were usually smaller than 5 μm. 
The detected Fe peaks in Figure 3.4 might come from the steel matrix. The observed results 
differed from previous reports, in which inclusions displayed a complex structure, taking the 
form of MgO–Al2O3 spinel cores surrounded by an outer (Nb, Ti)CN carbonitride or (Ti, V)N 
nitride layer.[12, 13] In this study, (Nb, V)C particles were not observed to incorporate with oxide 
inclusions.  
 
Figure 3.4 Typical morphology and composition of large Nb-rich V carbide in S2. 
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3.3.2 Number fraction and size range of inclusions  
The total numbers of inclusions measured in the samples, irrespective of their area, were 54, 
109, and 82 for S1, S2, and S3, respectively. Figure 3.5 shows the number density of the 
different types of inclusions in the three samples. Al2O3–SiO2–CaO inclusions dominated in 
all three samples, with total number densities being 0.63, 0.9, and 0.67 /mm2, respectively. The 
number fraction of oxide inclusions larger than 5 μm in S3 was much higher than those in S1 
and S2. The number density of MnS inclusions was below 0.07 /mm2 in the three samples: no 
further discussion of MnS is thus presented in this study. The number density of CaO–SiO2 
inclusions in S3 was significantly higher than those in S1 and S2. As previously mentioned, 
this could be related to differences in the extent of slag entrapment for the three heats. CaO–
SiO2 inclusions larger than 20 μm were observed in S3. Al2O3–SiO2–CaO inclusions larger 
than 10 μm were only observed in S3. Table 3.5 compares the average size and size range of 
the different inclusions. The total numbers of inclusions observed in each sample, irrespective 
of the observation area, are also listed. The average size of CaO–SiO2 inclusions in S1 and S2 
exceeded 9 μm, which was much larger than those of Al2O3–SiO2–CaO, Al2O3–SiO2, and MnS. 
The average size of the CaO–SiO2 inclusions in S3 was less than 6 μm, with observation of 
large numbers of inclusions smaller than 5 μm. The average sizes of the four types of inclusions 
in S3 were all less than 6 μm.  
Table 3.5 Average size and size ranges of different inclusions. 
 Average size/μm 
 Total number of 
inclusions observed 
Al
2
O
3
–SiO
2
–CaO Al
2
O
3
–SiO
2
 CaO–SiO2 MnS 
S1 54 
3.6 
(1.6–6.7) 
2.8 
(2.2–3.3) 
10.7 
(9.5–12.0) 
4.7 
(3.2–6.3) 
S2 109 
3.5 
(1.4–5.8) 
3.5 
(1.9–6.2) 
9.4 
(5.9–13.7) 
5.1 
(2.8–7.2) 
S3 82 
4.6 
(1.8–10.6) 
5.4 
(3.2–7.2) 
5.7 
(2.8–15.5) 
4.9 
(3.1–6.7) 
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Figure 3.5 Number density of different types of inclusions in three samples: (a) CaO–SiO2; (b) Al2O3–SiO2–
CaO; (c) Al2O3–SiO2; (d) MnS. 
3.3.3 Inherent FeO in inclusions  
To verify whether the detected FeO was an inherent part of an inclusion or attributable to the 
influence of the steel matrix, WDS and Monte Carlo simulation of electron trajectories with 
different accelerating voltages were conducted on the same inclusion. The electron beam was 
manually focused in the center of an inclusion and small amounts of FeO were observed. 
Figure 3.6 shows the line analysis of a typical single-phase Al2O3–SiO2–CaO inclusion with 
high Al2O3 and SiO2 contents. The equivalent diameter of this inclusion was 5.8 μm. Despite 
some fluctuation of SiO2 and Al2O3 contents from the center to the boundary, the chemical 
compositions in the center were uniformly distributed within the inclusion. The CaO content 
was lower than the Al2O3 and SiO2 contents, remaining almost constant at 18 % across the 
inclusion. The FeO content in the middle of this inclusion was 3.4 %. The MgO content was 
less than the FeO content detected. 
 
 
Figure 3.6 Al2O3–SiO2–CaO inclusion: (a) morphology; (b) elemental line analysis by electron probe 
microanalysis. 
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Figure 3.7 shows the electron trajectories and energy by position for this inclusion when 
bombarded with beams of 15 keV, 10 keV, and 5 keV electrons. CASINO software[14] provides 
a Monte Carlo simulation of electron trajectory in a solid, specially designed for low-beam 
interactions in a bulk or thin foil. This complex single-scattering Monte Carlo program can be 
used to generate many types of signals (X-rays and backscattered electrons) and can be 
efficiently used for all accelerating voltages found on a field-emission scanning electron 
microscope (0.1 to 30 keV). After inputting the analyzed steel and inclusion compositions into 
the software, the density of the assumed materials is automatically generated. For steel, the 
density was assumed to be 7500 kg/m3; that for Al2O3–SiO2–CaO inclusions was 1691 kg/m3. 
The length of the inclusion was 6.8 μm, which was much larger than the interaction volume; 
therefore, compared with the electron beam, an inclusion on the surface could be considered as 
a flat layer. Inclusion density is essential for a simulation because this influences the generation 
and absorption of X-rays. For a simulation of 15 keV, the penetration depth of most electron 
trajectories was almost 2 μm, with about 95 % of the interaction volume focused within 1.8 μm 
of the inclusion surface, as shown in Figure 3.7(a). When the accelerating voltage decreased 
to 10 keV, most electron trajectories reached 1.2 μm depth from the inclusion surface, with 
almost 95 % of the interaction volumes within 1 μm, as shown in Figure 3.7(b). When the 
accelerating voltage decreased to 5 keV, the penetrating depth was merely 0.4 μm, which was 
much smaller than the inclusion size; 95 % of the energy was detected within 0.3 μm of the 
inclusion surface.  
 
Figure 3.7 Electron trajectories (upper image) and energy by position (lower image) for bombardment of 
inclusion at different accelerating voltages: (a) 15 keV; (b) 10 keV; (c) 5 keV. 
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The WDS result for the same inclusion is shown in Figure 3.8. An accelerating voltage of 15 
keV was essential for the detection of Fe with K𝛼 X-rays by LIF. According to Figure 3.8, Ca, 
Al, and Si were detected at 15 keV, 10 keV, and 5 keV. Owing to the determined MgO content 
being much lower than the detection limit of Mg by TAP, Mg was not observed at 5 keV. Fe 
was detected with K𝛼  X-rays by LIF and with 𝐿𝛼  X-rays by LDE at 15 keV and 10 keV; 
however, when the accelerating voltage decreased to 5 keV, Fe could only be detected with 𝐿𝛼 
X-rays by LDE. The simulated penetrating depth of electron trajectories with 5 keV was only 
0.4 μm in the inclusions, which was much smaller than the inclusion size, so the Fe observed 
by 𝐿𝛼 X-rays probably came from FeO inherent in the inclusions. Therefore, the small amounts 
of FeO detected by EPMA analysis were concluded to be inherent components of the inclusions.  
 
Figure 3.8 Wavelength-dispersive spectra of Al2O3–SiO2–CaO inclusion at different accelerating voltages: (a) 
15 keV; (b) 10 keV; (c) 5 keV. 
Figure 3.9(a) shows the effect of FeO content on the liquidus temperatures of different 
inclusions and liquidus phase ratio of Al2O3–SiO2 inclusions in S1. We calculated the liquidus 
temperatures of different inclusions using the average chemical compositions at fixed FeO 
content using FactSage 7.0[15]. The base composition of the Al2O3–SiO2 inclusions was 48.6 % 
Al2O3 and 33.3 % SiO2. The base CaO–SiO2 inclusions contained 34.5 % CaO and 42.3 % 
SiO2. The major components of Al2O3–SiO2–CaO inclusions with high CaO and Al2O3 
contents were 35.9 % Al2O3, 35.9 % CaO, and 12.0 % SiO2; the primary composition of those 
with high Al2O3 and CaO contents were 48.6 % Al2O3, 33.3 % CaO, and 5.2 % SiO2.  
With an increase of FeO content from 0 % to 10 %, the liquidus temperatures of Al2O3–SiO2, 
CaO–SiO2, and Al2O3–SiO2–CaO inclusions with high Al2O3 and SiO2 contents decreased 
from 1707 °C to 1650 °C, from 1548 °C to 1468 °C, and from 1381 to 1337 °C, respectively. 
However, the liquidus temperatures of Al2O3–SiO2–CaO inclusions with high CaO and SiO2 
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contents increased slightly with this rise of FeO content. Similarly, the liquidus phase ratio of 
Al2O3–SiO2 inclusions increased from 63.0 % to 94.9 % at 1600 °C with an increase of FeO 
content from 0 % to 10 %. Figure 3.9(b) shows that the increased FeO content obviously 
increased the liquidus phase ratio of Al2O3–SiO2 inclusions in S1.  
 
Figure 3.9 Effects of FeO content on inclusion properties: (a) liquidus temperatures of different inclusions; (b) 
liquidus phase ratio of Al2O3–SiO2 inclusions at 1600 °C. 
3.3.4 Formation and evolution of CaO–SiO2 inclusions        
Figure 3.10 shows the total number fraction of CaO–SiO2 inclusions with different size ranges 
in the three samples. Those in S1 had a narrow range between 9 and 12 μm; those in S2 ranged 
from 4–14 μm; most in S3 were between 3 and 6 μm.  
 
Figure 3.10 Total number fraction of CaO–SiO2 inclusions. 
Figure 3.11 shows the compositions of the CaO–SiO2 inclusions shown on Al2O3–CaO–SiO2 
pseudo-ternary phase diagrams at fixed MgO content.[16] The indicative composition of the 
refining slag is also given. The CaO–SiO2 inclusions in S1 and S2 were all located in the 
melilite primary phase field with liquidus temperatures around 1400 °C. The CaO–SiO2 
inclusions in S3 contained higher MgO and all located in the pyroxene primary phase field with 
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a liquidus temperature between 1300 and 1400 °C. The size of the CaO–SiO2 inclusions was 
independent of their compositions. Because these inclusions had compositions close to that of 
the top slag, they were considered to have originated from entrapped slag. This is in accordance 
with the larger average sizes of CaO–SiO2 inclusions compared with other inclusions in the 
three samples.    
 
 
 
Figure 3.11 Compositions of CaO–SiO2 inclusions shown on Al2O3–CaO–SiO2 pseudo-ternary phase diagram at 
fixed MgO (adapted from [16]): (a) S1 (MgO = 9.7 %–11.3 %); (b) S2 (MgO = 8.0 %–8.6 %); (c) S3 (MgO = 
11.2 %–16.8 %). 
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3.3.5 Formation and evolution of Al2O3–SiO2 inclusions  
Table 3.4 shows that Al2O3–SiO2 inclusions were mainly composed of Al2O3 and SiO2, with 
small amounts of CaO, FeO, and MgO. Figure 3.12 illustrates the chemical composition of 
non-homogeneous Al2O3–SiO2 inclusions. The Al2O3 and SiO2 concentrations were inversely 
correlated, which was related to the existence of multiple phases in the inclusions. This is 
further elucidated in the following sections.  
 
Figure 3.12 Non-homogeneous Al2O3–SiO2 inclusion: (a) morphology; (b) elemental line analysis by electron 
probe microanalysis. 
Figure 3.13 shows the total number fraction of Al2O3–SiO2 inclusions with different size 
ranges for the three samples. All Al2O3–SiO2 inclusions were smaller than 10 μm: those in S1 
were all smaller than 4 μm; most in S2 were smaller than 5 μm; inclusions between 6–8 μm 
were observed for S3.  
 
Figure 3.13 Total number fraction of Al2O3–SiO2 inclusions with different sizes. 
Figure 3.14 shows the composition distribution of Al2O3–SiO2 inclusions in the three samples, 
projected onto the Al2O3–SiO2–CaO ternary phase diagram.[16] Inclusions were classified into 
size ranges of 2.5–5 μm and 5–10 μm. All detected Al2O3–SiO2 inclusions were smaller than 
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10 μm, with liquidus temperatures higher than 1500 °C. Most Al2O3–SiO2 inclusions in S1 and 
S2 were located in the spinel area, with liquidus temperatures higher than 1500 °C. The CaO 
contents in the Al2O3–SiO2 inclusions of S1 and S2 were also higher than that of S3. The 
Al2O3–SiO2 inclusions in S3 were mainly located in the mullite and corundum areas, with 
liquidus temperatures higher than 1800 °C.  
 
 
 
Figure 3.14 Compositions of Al2O3–SiO2 inclusions shown on Al2O3–CaO–SiO2 pseudo-ternary phase diagram 
at fixed MgO (adapted from [16]): (a) S1 (MgO = 6.3 %–9.4 %); (b) S2 (MgO = 3.9 %–7.1 %); (c) S3 (MgO = 
0.6 %–2.8 %). 
   49 
 
Based on the determined chemical compositions, a formation mechanism of Al2O3–SiO2 
inclusions was proposed as follows. Ferrosilicon alloy, with a mass content of Al of about 
1.0 %, was added to the steel for deoxidization. The dissolved [Si] and [Al] quickly reacted 
with [O] in the steel, leading to the rapid formation of Al2O3–SiO2 inclusions in the molten 
steel, as given in Eq. [17]. Most [Si] is present in spring steel as an alloy element. Because [Al] 
reacts much more strongly than [Si] with oxygen, SiO2 in the inclusions could be further 
reduced by [Al] in the steel, therefore increasing the Al2O3 content of the Al2O3–SiO2 
inclusions, as shown in Eq. [2].  
 [𝐴𝑙] + [𝑆𝑖] + [𝑂] →  𝐴𝑙2𝑂3– 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠);                    
 [17] 
 𝐴𝑙2𝑂3– 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝐴𝑙] → 𝐴𝑙2𝑂3– 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖].                        [2]                         
 
3.3.6 Formation and evolution of Al2O3–SiO2–CaO inclusions 
The Al2O3–SiO2–CaO ternary system represents the major portion of the inclusions in the 
spring samples. Based on the line analysis results, the Al2O3–SiO2–CaO inclusions were 
classified into two types: Type 1 inclusions had high CaO and SiO2 contents; Type 2 were 
characterized by high Al2O3 and SiO2 contents.  
3.3.6.1 Al2O3–SiO2–CaO inclusions with high CaO and SiO2 contents 
Figure 3.15 shows the line analysis results of an Al2O3–SiO2–CaO inclusion with high CaO 
and SiO2 contents. The chemical compositions were uniformly distributed. The content of 
Al2O3 was lower than those of CaO and SiO2. Type 1 Al2O3–SiO2–CaO inclusions are 
anticipated to originate from CaO–SiO2 inclusions that are partially reduced by [Al]. Al2O3 in 
these inclusions mainly results from the reduction of SiO2 by [Al], as shown in Eq. [3]: 
   𝐶𝑎𝑂–𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝐴𝑙] → 𝐴𝑙2𝑂3– 𝑆𝑖𝑂2–𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖].           [3] 
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Figure 3.15 Al2O3–SiO2–CaO inclusion with high CaO and SiO2 contents: (a) morphology; (b) elemental line 
analysis by electron probe microanalysis. 
Provided the oxygen that reacted with Al to form Al2O3 in the inclusion is assumed to have 
been associated with Si in the form of SiO2, it is then possible to estimate on how much SiO2 
existed in the inclusion before it was reduced by Al. The CaO/SiO2 ratio before Al attack was 
calculated to be around 0.79, which is very close to the ratio in the refining slag. This provided 
strong evidence that the Al2O3–SiO2–CaO inclusions with high CaO and SiO2 contents 
originated from CaO–SiO2 inclusions that were partially reduced by [Al]. 
3.3.6.2. Al2O3–SiO2–CaO inclusions with high Al2O3 and SiO2 contents 
Figure 3.16 shows the line analysis results of Al2O3–SiO2–CaO inclusions with high Al2O3 
and SiO2 contents. The chemical compositions were uniformly distributed across the inner part 
of the inclusion and the CaO content was lower than those of Al2O3 and SiO2. Type 2 inclusions 
are inferred to result from coalescence between CaO–SiO2 and Al2O3–SiO2 inclusions. Based 
on this assumption, the mass content of SiO2 belonging to CaO–SiO2 inclusions could be 
estimated using the slag basicity of 0.79. The remaining SiO2 in the inclusions was assumed to 
have been associated with Al2O3 in the form of Al2O3–SiO2. It was then possible to estimate 
the Al2O3/SiO2 ratio of Al2O3–SiO2 inclusions before coalescence. The Al2O3/SiO2 ratio was 
calculated to be 1.9, which is within the range for Al2O3–SiO2 inclusions of 1.5–2.5. Therefore, 
Al2O3–SiO2–CaO inclusions with high Al2O3 and SiO2 contents resulted from coalescence 
between CaO–SiO2 and Al2O3–SiO2 inclusions. 
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Figure 3.16 Al2O3–SiO2–CaO inclusion with high Al2O3 and SiO2 contents: (a) morphology; (b) elemental line 
analysis by electron probe microanalysis. 
Figure 3.17 shows total number fraction of Al2O3–SiO2–CaO inclusions with different sizes in 
the three samples. Most of these inclusions in S1 and S2 were within 2–6 μm. Small numbers 
of inclusions exceeding 10 μm were observed in S3, but none larger than 15 μm was detected.  
 
Figure 3.17 Total number fraction of Al2O3–SiO2–CaO inclusions with different sizes. 
Different formation mechanisms have been proposed for Al2O3–SiO2–CaO inclusions. Yang 
et al.[18] suggested that these mainly formed endogenously during solidification and cooling of 
Ca-containing steels. This explanation does not agree with our findings because the [Ca] was 
merely 0.002 %. Wang et al.[19] concluded that the formation of CaO–SiO2–Al2O3–(MgO) 
inclusions originated from CaO–SiO2–MnO–(MgO) inclusions; however, MnO-containing 
oxide inclusions were not observed in the present study. Based on the observations in the 
present study, it is proposed that Al2O3–SiO2–CaO inclusions with high CaO and SiO2 contents 
form by interaction (collisions) between CaO–SiO2 inclusions from refining slag entrapped in 
the steel, as shown in Eq. [4]:  
𝐶𝑎𝑂– 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + 𝐴𝑙2𝑂3– 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠)
𝑐𝑜𝑎𝑙𝑒𝑠𝑐𝑒𝑛𝑐𝑒
→        𝐴𝑙2𝑂3– 𝑆𝑖𝑂2–𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠).   [4]   
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The composition distributions of Al2O3–SiO2–CaO inclusions in the three samples are shown 
in Figure 3.18.[16] For S1, all detected inclusions were mainly located in the anorthite area, 
with liquidus temperatures lower than 1500 °C; those in S2 were located in the CaO–Al2O3–
2SiO2 and mullite areas, with liquidus temperatures higher than 1500 °C. Small amounts of 
Al2O3–SiO2–CaO inclusions with high CaO were also observed, mainly located in the gehlenite 
area, with liquidus temperatures higher than 1500 °C. For S3, most Al2O3–SiO2–CaO 
inclusions were situated in the anorthite area. The liquidus temperatures of most Al2O3–SiO2–
CaO inclusions were lower than 1500 °C. 
 
 
 
Figure 3.18 Compositional distributions of Al2O3–SiO2–CaO inclusions shown on Al2O3–CaO–SiO2 pseudo-
ternary phase diagram at fixed MgO content (adapted from [16]): (a) S1 (MgO = 3.3 %–8.1 %); (b) S2 (MgO = 
0.0 %–3.3 %); (c) S3 (MgO = 0.7 %–3.8 %). 
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3.3.7 Thermodynamics calculations of oxide inclusions  
The formation of CaO–SiO2 and Al2O3–SiO2–CaO inclusions is related to entrapped slag. The 
formation of Al2O3–SiO2 inclusions, derived from deoxidization products, was investigated by 
FactSage calculations to verify whether they originated from the solidification process. The 
calculated inclusion stability diagrams in the Fe–C–Mn–Si–Al–O system at 1600 °C for Mn = 
0.62 mass% are shown in Figure 3.19. The number adjacent to each line represents the 
equilibrium oxygen content (0.0001%) in the liquid steel. The experimental data obtained in 
the current work are also plotted. The chemical composition of S2 steel sample was located in 
the Al2O3 area.  
 
Figure 3.19 Stability diagram for Fe–C–Si–Mn–Al–O system at 1600 °C for [20] = 0.62 mass% calculated 
using FactSage software, showing location of experimental data. 
The equilibrium crystalline compositions of inclusions during the solidification process were 
calculated by FactSage software from 1600 to 800 °C, based on the average compositions of 
the different types of inclusions shown in Table 3.4. The equilibrium phases are shown in 
Figure 3.20. For the CaO–SiO2 inclusions, Figure 3.20(a), the liquidus temperatures were 
around 1350 ºC and melilite precipitated in the inclusions when temperatures decreased further. 
This is not consistent with our line analysis results, which showed a homogeneous composition 
distribution throughout the CaO–SiO2 inclusions. For the Al2O3–SiO2–CaO inclusions shown 
in Figure 3.20(b), the liquidus temperatures were around 1300 °C and Al2O3 and spinel phases 
started to precipitate below this temperature. This was again not consistent with the line 
analysis results (Figures 15 and 16), which showed a homogeneous composition distribution 
throughout these inclusions. Owing to the low liquidus temperatures of the CaO–SiO2 and 
Al2O3–SiO2–CaO inclusions, these formed single-liquid phases in the molten steel. During the 
solidification process, they formed glasses with homogeneous compositions because of the fast 
cooling rate. For the Al2O3–SiO2 inclusions in Figure 3.20(c), the Al2O3 and mullite phases 
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coexisted with liquid at 1600 °C, which indicated that the liquidus temperatures of Al2O3–SiO2 
inclusions were much higher than this value. The Al2O3–SiO2 inclusions were multi-phased in 
molten steel, which was in good agreement with the line analysis results (Figure 3.12). 
 
 
 
Figure 3.20 Equilibrium precipitation phases of inclusions during solidification based on average inclusion 
composition: (a) CaO–SiO2; (b) Al2O3–SiO2–CaO; (c) Al2O3–SiO2. 
3.4 Conclusions 
The formation mechanism of inclusions in spring steel deoxidized by Si was investigated. The 
number, morphology, and chemical compositions of the inclusions were systematically and 
accurately analyzed by EPMA. The findings are summarized as follows: 
1. Inclusions in spring steel comprised mainly Al2O3–SiO2–CaO, Al2O3–SiO2, and CaO–SiO2 
complex oxides. MnS inclusions were also observed, but in small amounts. Additions of Nb 
and V did not show any observable influence on the inclusion compositions.  
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2. CaO–SiO2 inclusions originated from entrapped slag. Al2O3 in CaO–SiO2 inclusions was 
attributed to the reduction of SiO2 in the inclusion by Al in the steel. High MgO content in the 
inclusions was attributed to the influence of MgO–C refractories. 
3. Al2O3–SiO2 inclusions were formed by the deoxidization reaction between [Al], [Si], and 
[O] in the molten steel. All Al2O3–SiO2 inclusions were smaller than 10 μm, with liquidus 
temperatures above 1500 °C.  
4. Al2O3–SiO2–CaO inclusions were classified into two types: Type 1 had high CaO and SiO2 
contents, which resulted from CaO–SiO2 inclusions reduced by [Al]; Type 2 had high Al2O3 
and SiO2 contents, which mainly resulted from coalescence between CaO–SiO2 and Al2O3–
SiO2 inclusions.  
5. Monte Carlo simulation confirmed that the penetration depth in the inclusions by electron 
trajectories of 5 keV was 0.4 μm. Fe was detected by WDS below 5 keV. It was concluded that 
FeO is an inherent constituent of an inclusion.   
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Chapter 4 Understanding the formation and evolution of oxide 
inclusions in Si-deoxidized spring steel 
This Chapter has been published in Metallurgical and Materials Transactions B, 2019, 50, 
2, P1862-1877. 
 
Chapter abstract: To illustrate the mechanism of formation and evolution of inclusions in Si-
deoxidized spring steel, pilot trials together with systematical samplings were conducted and 
detailed information about inclusion density, morphology and composition were elucidated by 
electron probe X-ray microanalysis. The steel samples were collected from the vacuum 
degassing furnace, tundish furnace as well as the spring rods after hot rolling. Based on the 
relationship between the mass ratio of X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2) and diameters of inclusions, CaO–SiO2 
inclusions were found to be formed by the coalescence between SiO2 and CaO–SiO2 inclusions. 
Most CaO–SiO2 inclusions exceeding 10 μm are all located in the melilite areas with liquidus 
temperatures lower than 1400 °C. The Al2O3–SiO2–CaO inclusions in the steel samples from 
the vacuum degassing and tundish furnaces were considered to be formed by reduction of CaO–
SiO2 inclusions by Al dissolved in steel. The increased number density of Al2O3–SiO2–CaO 
inclusions in spring rods was primarily attributed to the entrapment of Na2O–contained mould 
flux particles and inclusions crush after hot rolling. Large numbers of Al2O3–SiO2–MnO and 
SiO2–MnO inclusions were observed in tundish furnace samples, which originated from 
inherent reactions between [Al], [Si],  and [O] in the molten steel. The SiO2–precipitation of 
Al2O3–SiO2–MnO inclusions was attributed to solubility decrease during the solidification 
process with temperature drop.  
 
Keywords: Spring steel; silicon deoxidization; electron probe microanalysis; inclusions  
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4.1 Introduction 
Spring wires are extensively utilized in automotive engines and industrial suspension 
applications. [1, 2] Because of the exposure to the high-frequency dynamic loads and consistent 
alternating stress during working, supreme tensile, elastic and yield strength, are especially 
demanded for the spring steels. [3-5] In addition, spring steels are required with fantastic 
hardenability and surface roughness; [6-8] however, mechanical properties mentioned above of 
spring wires are greatly influenced by the cleanliness of molten steel. [9, 10] Primary contributing 
factors of fatigue failure are the local stress concentration caused by non-deformable 
inclusions, the characteristics of which include inclusions diameter, morphology, elasticity and 
expansion coefficients difference between inclusions and matrix. [11, 12] Large inclusions with 
poor deformability and irregular morphologies easily cause the minor voids and cracks at the 
steel/inclusions interface during hot rolling. [13-17] Due to the impossibility of complete removal 
of the inclusions from molten steel, inclusions should be controlled with high deformability, 
spherical shapes and low liquidus temperatures.  
In practice, owing to the frequent presence of non-deformable and irregular Al2O3 and spinel 
inclusions in Al-deoxidized spring steel, which is responsible for submerged entry nozzles 
clogging [18-20] and aggravated surface roughness [21], Si-deoxidization and the low-basicity 
refining slag are widely utilized for the process routine of spring steel. Nevertheless, the large-
sized Al2O3–SiO2–MnO inclusions with high liquidus temperatures, which are usually 
observed in Si-deoxidized spring steel, are quite detrimental because of their large sizes and 
poor deformability; however, previous studies lacked agreement regarding the mechanisms of 
formation of Al2O3–SiO2–MnO inclusions. Chen et al. [22] found these inclusions evolved in 
this routine “Al2O3–SiO2–MnO→CaO–Al2O3–SiO2→Al2O3–SiO2–MnO”. Wang et al. [23] 
observed CaO–SiO2–MnO–Al2O3–(MgO) inclusions, which was formed through the 
interaction of CaO–SiO2–MnO–(MgO) inclusions with molten steel. Wang et al. [24] explained 
SiO2 precipitation in MnO–SiO2–Al2O3 inclusions based on thermodynamics analysis, which 
became eye-like dual-phased inclusions and pure SiO2 particles after hot rolling. Also, the 
disagreements for the mechanisms of formation of CaO–SiO2 inclusions were found in 
previous research. Some researchers suggested these inclusions originated from modified 
Al2O3–SiO2–MnO inclusions, with MnO inside reduced by the [Ca] in the molten steel; [22, 25] 
however, other researchers [26, 27] suggested these large-sized CaO–SiO2 inclusions originated 
from slag entrapment. As previously mentioned, there are widely contradictory opinions on the 
formation and evolution of Al2O3–SiO2–MnO inclusions in spring steels deoxidized by Si, 
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which deserved further exploration as to whether they originated from the transformation of 
other inclusions or intrinsic reactions in the molten steel.  
In the current study, to obtain comprehensive inclusion evolution information during industrial 
production, steel samples in vacuum degassing (VD) furnace and tundish (TD) furnace as well 
as the wire rods after hot rolling (HR) were collected, which were named VD, TD and HR 
samples respectively. To elaborate on the mechanisms of formation of various inclusions in Si-
deoxidized spring steel, detailed information about the morphology, chemical composition and 
number density was analyzed by electron probe X-ray microanalysis. The mechanism of 
formation of CaO–SiO2 inclusions was elaborated based on the relationship between 
X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2) and diameters of inclusions. FactSage calculations were performed to illustrate 
the formation of MnO-contained inclusions as well as the SiO2-precipitation in these inclusions. 
4.2 Experimental 
4.2.1 Manufacturing process and sampling 
To obtain the steel samples, an industrial process for spring steel was conducted, which 
followed the sequential steps through an electric arc furnace (EAF) → ladle furnace (LF) 
refining → vacuum degassing (VD) → continuous casting (CC) → hot rolling (HR). The 
sampling of molten steel were carried out after VD, during continuous casting and after hot 
rolling. The chemical compositions of the steel samples of VD, TD and HR are listed in Table 
4.1. During EAF tapping, ferrosilicon, ferrochromium and ferromanganese alloys (Al less than 
1.0 %) together with the refining slags were added into the molten steel. Then, the molten steel 
was transferred into the ladle furnace for refining, where bottom argon blowing was utilized to 
homogenize the molten steel and accelerate the removal of inclusions. Ladle refractories were 
composed of MgO-C bricks. After refining in ladle furnace at 1600 °C, the molten steel was 
transferred to VD at 1550 °C. Then molten steel was transported into the tundish for continuous 
casting. The primary compositions of mould flux were composed of CaO, SiO2, Na2O, CaF2, 
Al2O3, MgO and K2O. The molten steel would undergo continuous casting, transformed into 
rectangular blooms (325 mm × 420 mm), which were subsequently reduced into square billets 
of smaller size (142 mm × 142 mm). After that, the billets were rolled into spring rods. Slag 
sample was collected using a sampling bar from VD process.  
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Table 4.1 Chemical compositions of spring samples (mass%). 
Samples C Si Mn Cr P S Al N T[O] 
VD 0.55 1.32  0.68 0.61  0.009  0.008  0.0021  0.0035 0.0029 
TD 0.55 1.35  0.68 0.68  0.009  0.008 0.0024  0.0065 0.0070 
HR 0.56 1.42 0.70 0.66 0.009  0.009 0.0030  0.0043 0.0039 
4.2.2. Analysis of steel samples  
Steel and slag samples were ground and polished for microstructure and composition analysis 
of inclusions and slag under JXA 8200 electron probe micro analyzer (JEOL, Japan) with 
wavelength-dispersive spectrometers (WDS). The total oxygen and N contents were measured 
by oxygen-nitrogen analyzer (ONH-3000). The C, P and S contents were measured by ARL 
4460 OES metals analyser. Inclusions less than 1.0 μm were normally less harmful to the 
mechanical property of steel, which were not included in this study. To obtain reliable and 
comprehensive inclusions detection results, the polished sample surfaces were manually 
scanned line-by-line by EPMA to ensure that all inclusions were included. After each detection, 
the samples were reground and repolished for the following detection, which ensured detected 
inclusions fully removed and new inclusions exposed on the sample surface. Each sample was 
analyzed more than ten times to obtain the overall and statistical information on the inclusions. 
The EPMA operating details are listed: acceleration voltage of 15 kV, probe current of 15 nA, 
probe diameter of “zero” (the smallest operating probe diameter achieved by the focused 
electron beams), peak measuring time of 30 s, background positions of ± 5 μm and background 
measuring time of 10 s. Backscattered electron imaging and EDS analysis were utilized to 
recognize the non-metallic inclusions. Then WDS was conducted on inclusions to accurately 
quantify inclusions composition. Compositions of the inclusions exceeding 1.0 μm were 
accurately determined by EPMA.  
4.3. Results and discussion 
4.3.1 Characteristic of the inclusions at different stages  
The quenched VD slag with homogenous glass phase was analyzed by EPMA, and the basicity 
of the slag was 0.79. 13.9 mass% MgO was detected in slag.  The VD slag composition, 
especially the mass ratio of CaO to SiO2, will assist in the discussion of the origin of inclusions 
formation in subsequent sections. 
1. Morphology and composition of inclusions during industrial production 
According to their chemical compositions, the inclusions were classified into four types: CaO–
SiO2, Al2O3–SiO2–MnO, SiO2–MnO and Al2O3–SiO2–CaO, as shown in Table 4.2. The typical 
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inclusions morphologies in the three steel samples are shown in Figure 4.1. It is obvious that 
the shape of CaO–SiO2, Al2O3–SiO2–CaO and Al2O3–SiO2–MnO inclusions in the VD and TD 
samples were globular, and it indicated that they remained liquid in the molten steel under 
steelmaking temperature. CaO–SiO2 inclusions have spherical morphologies in the VD and TD 
samples, which then changed into stripe shapes after hot rolling. The second type of the 
inclusions was Al2O3–SiO2–CaO inclusions with spherical shapes. Large quantities of Al2O3–
SiO2–MnO and SiO2–MnO (MgO) inclusions, some of which contained pure SiO2 phases in 
inclusions, were observed in TD samples. While only small amounts were observed in spring 
rods after hot rolling. This differed from previous reports in which no dual-phased Al2O3–
SiO2–MnO were observed in TD samples and dual-phased ratio increased dramatically from 
tundish to reheated bloom. [24] The apparent number density decrease of Al2O3–SiO2–MnO and 
SiO2–MnO (MgO) inclusions in HR samples was exploited in detail in Section 4.3.4. Despite 
MgO contents of CaO–SiO2 inclusions after hot rolling exceeding 10 mass%, MgO was not 
considered as a significant component for simplification. Because the dimensions of inclusion 
exerted great influences on wear-resistance and impact-resistance strength of spring rods, 
numbers of researchers have been investigating the inclusions diameters. [28, 29] For undeformed 
inclusions in the steel samples taken from VD and TD, the maximum acting length was 
considered as the observed inclusion lengths. [30, 31] Nevertheless, these standards are not 
applicable to be deformed and elongated inclusions in spring rods with the observation of the 
inclusions with same maximum lengths but different areas. To obtain reliable inclusions sizes 
in spring rods after hot rolling, it is reasonable to represent inclusions dimension with 
equivalent average diameter parameter (ADP), which is estimated by the circle diameter with 
same inclusion area. [32, 33]  
Table 4.2 Classification of inclusions types based on chemical composition. 
 
Inclusion Composition, mass/% 
Al2O3 SiO2 CaO MgO MnO 
CaO–SiO
2
 <10 >45 >20 <10 <5 
Al2O3–SiO2–CaO >15 >40 >15 <5 <5 
Al2O3–SiO2–MnO >15 >40 <5 <10 >10 
SiO
2
–MnO <5 >40 <5 <5 >40 
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Figure 4.1 Morphology of different inclusions through the manufacturing process. 
Table 4.3 shows the chemical compositions of the inclusions during industrial production. The 
average mass ratio of X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2)  of CaO–SiO2 inclusions changes 0.93(VD) →0.81(TD) 
→ 0.48(HR). Because CaO was too stable to be reduced by [Al], [Si] and [Mg], the decreased 
mass ratio of X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2)  mainly originated from increased SiO2 concentrations. From TD 
to HR, inclusions larger than 10 μm, which had high CaO and low SiO2 contents, were 
effectively removed by mould flux. Most inclusions remained in steel after hot rolling were 
less than 10 μm, which were characterized with high SiO2 content, as illustrated in Figure 4.6 
(a). So the effective removal of large CaO-SiO2 inclusions contributed to decreased average 
ratio of  X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2) of CaO-SiO2 inclusions. Meanwhile, it was found that the concentration 
increase of MgO, FeO and MnO of the inclusions in the steel samples from VD to HR. Park et 
al. [34] found MgO concentration increase of the inclusions originated from increased [Si] 
content of the molten steel, because [Mg] was transferred from slag (or refractory)/ metal 
interface by SiO2-reduction and then participated into the deoxidization process, therefore 
increasing the MgO contents of the inclusions.  This is consistent with increased [Si] contents 
in the molten steel from VD to TD. Meanwhile, Poirier [35] suggested liquid CaO–SiO2 slag 
(CaO/SiO2 mass ratio of 0.9 and T=1630 °C) unsaturated with MgO (<19 mass% of MgO) 
easily dissolved MgO from MgO–C refractories, which also have contributed to the increased 
MgO contents of CaO–SiO2 inclusions. The MnO contents of CaO–SiO2 inclusions have been 
increasing from 1.01 in VD to 1.33 in TD. Choi et al. [36] found basicity (CaO/SiO2 mass ratio) 
of the inclusions decreased while the manganese oxide contents increased with decreasing 
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inclusions size. Dissolved [O] in the molten steel can readily react with [Si] and [37], owing to 
the solubility decrease during the solidification process, which usually occurred 
heterogeneously at inclusions surface. Owing to the large surface to volume ratio of small 
inclusions, decreased basicity (CaO/SiO2 mass ratio) and increased MnO contents caused by 
the above reaction is more obvious for small inclusions.  
Table 4.3 Chemical compositions of typical inclusions (mass%). 
      Size/μm SiO2 CaO Al2O3 MgO FeO MnO TiO2  Cr2O3 S 
CaO–
SiO2 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
VD 
1 11.0 44.3 37.3 3.8 7.4 4.9 1.0 0.7 0.1 0.5 
2 12.5 43.9 39.1 3.8 7.9 2.9 1.0 0.5 0.1 0.7 
3 6.9 43.4 40.1 3.1 7.7 3.8 0.9 0.4 0.1 0.5 
4 8.6 41.7 43.4 2.8 8.1 2.2 0.8 0.2 0.0 0.7 
5 7.0 43.1 40.1 3.2 8.4 2.6 1.3 0.3 0.0 0.9 
6 7.3 44.0 38.9 3.7 8.3 2.9 1.2 0.4 0.0 0.6 
7 4.8 46.2 45.0 1.3 3.8 2.9 0.4 0.1 0.1 0.3 
8 15.9 41.2 41.3 2.6 9.2 3.5 0.9 0.3 0.0 0.9 
9 7.5 46.7 44.7 1.5 2.5 2.7 0.8 0.4 0.1 0.6 
10 5.1 43.6 37.6 3.9 7.8 4.2 1.8 0.4 0.1 0.6 
TD  
1 4.8 44.6 34.0 6.9 9.6 3.5 0.6 0.4 0.1 0.3 
2 12.1 42.9 37.7 6.2 9.3 2.6 0.8 0.3 0.0 0.2 
3 23.9 41.5 39.4 5.3 10.2 1.6 1.2 0.2 0.0 0.5 
4 4.6 43.7 34.2 6.8 10.1 2.9 1.4 0.4 0.1 0.5 
5 9.8 42.0 36.5 6.9 10.1 2.8 1.0 0.3 0.0 0.5 
6 9.5 45.5 33.3 7.1 8.6 2.5 2.3 0.4 0.0 0.4 
7 3.8 42.9 34.1 7.5 10.4 3.5 0.6 0.4 0.1 0.5 
8 4.4 44.1 31.8 7.8 9.5 4.9 1.1 0.3 0.1 0.3 
9 3.7 43.5 34.1 7.8 9.3 3.6 0.9 0.4 0.0 0.4 
10 5.5 42.6 36.7 6.9 9.5 2.2 1.3 0.3 0.1 0.5 
HR 
1 19.8 49.6 24.6 5.7 14.8 2.9 0.7 1.7 0.0 0.0 
2 8.1  50.1  23.6  8.1  13.0  4.0  0.8  1.0  0.2  0.0  
3 15.6 49.4 24.5 5.7 14.8 2.9 0.9 1.7 0.0 0.0 
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4 4.3 48.9 22.8 5.7 15.5 3.8 1.9 1.3 0.1 0.0 
5 9.9 49.9 22.7 3.6 15.2 5.4 1.8 1.2 0.1 0.0 
6 7.1 47.1 24.0 7.9 13.9 3.7 1.1 2.2 0.1 0.0 
7 6.0 48.0 21.3 6.3 14.5 6.3 1.8 1.6 0.2 0.0 
8 7.8 51.2 22.8 4.1 15.6 3.7 1.6 1.5 0.1 0.0 
9 4.3 48.9 22.8 5.7 15.5 3.8 1.9 1.3 0.1 0.0 
10 8.4 45.7 23.4 8.0 12.9 8.0 0.8 1.0 0.2 0.0 
Al2O3–
SiO2–
CaO 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
VD  
1 3.4 46.6 23.4 14.1 6.3 6.7 1.6 0.5 0.2 0.5 
2 3.8 56.6 14.4 14.7 4.3 5.4 3.0 1.1 0.2 0.3 
3 3.2 49.3 9.4 14.1 5.5 3.4 0.8 0.5 0.2 0.2 
4 3.9 48.8 23.4 11.6 6.0 5.1 3.4 1.2 0.2 0.2 
5 5.5 43.5 30.5 10.7 6.4 6.2 1.7 0.4 0.2 0.5 
6 3.6 50.1 18.3 14.8 4.8 7.7 3.3 0.8 0.1 0.1 
7 3.1 54.6 13.9 14.2 4.1 8.0 3.8 1.0 0.2 0.2 
8 3.6 43.2 30.3 10.7 6.3 6.1 2.2 0.4 0.2 0.5 
9 2.8 49.4 18.1 14.7 4.9 7.6 4.3 0.8 0.1 0.1 
10 2.1 51.3 19.6 16.8 5.2 4.0 2.0 0.7 0.2 0.2 
TD  
  
1 4.9 41.5 28.1 14.2 8.1 4.3 2.9 0.6 0.1 0.3 
2 4.3 45.5 27.4 12.9 8.4 2.8 2.3 0.4 0.0 0.2 
3 3.1 47.3 25.0 12.7 7.0 4.1 3.1 0.6 0.1 0.1 
4 5.9 42.5 30.9 10.8 8.8 4.2 2.1 0.4 0.0 0.3 
5 2.7 47.8 16.0 20.8 6.8 5.7 2.3 0.5 0.1 0.1 
6 3.5 42.2 26.1 17.1 7.9 3.7 2.4 0.4 0.1 0.2 
7 1.0 43.4 27.3 14.1 8.1 4.1 2.3 0.5 0.1 0.2 
8 3.0 43.5 28.4 12.6 10.0 3.2 1.7 0.4 0.1 0.2 
9 5.4 42.7 31.5 11.1 9.2 2.9 1.8 0.4 0.0 0.3 
10 4.0 40.9 17.8 31.2 0.3 4.8 4.5 0.3 0.0 0.2 
HR 
 
 
1 6.0 42.9 18.8 31.7 1.5 4.3 0.6 0.0 0.1 0.0 
2 12.1 47.0 21.1 12.9 10.4 6.1 1.3 1.0 0.2 0.0 
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3 5.6 43.7 20.6 15.8 11.9 5.3 2.0 0.4 0.2 0.1 
4 5.9 44.9 17.3 27.0 3.3 5.9 1.3 0.1 0.0 0.1 
5 5.7 49.5 22.0 14.4 15.1 5.3 0.9 0.9 0.1 0.0 
6 20.1 42.7 18.5 27.5 2.5 7.6 1.0 0.1 0.1 0.1 
7 4.9 42.2 18.6 31.1 1.4 6.0 0.5 0.0 0.1 0.0 
8 5.2 43.9 19.3 26.3 2.2 6.2 1.6 0.3 0.1 0.2 
9 7.9 48.2 17.6 25.6 1.7 5.2 1.5 0.1 0.1 0.0 
10 6.0 41.7 19.1 33.3 0.2 5.5 0.1 0.0 0.1 0.0 
Al2O3–
SiO2–
MnO 
  
  
  
  
  
  
  
  
  
TD 
1 30.3 46.7 2.2 31.4 4.7 3.6 10.0 1.1 0.1 0.1 
2 8.9 46.9 0.1 27.6 10.2 2.3 12.0 0.7 0.1 0.2 
3 14.3 47.7 0.6 30.9 4.8 4.0 10.8 0.9 0.1 0.2 
4 8.0 58.9 0.7 19.3 2.5 2.5 15.0 0.7 0.3 0.1 
5 18.3 44.8 0.9 29.8 7.4 2.0 14.1 0.7 0.1 0.3 
6 23.6 60.1 2.0 19.5 4.5 2.6 10.5 0.6 0.1 0.1 
7 14.5 40.1 0.3 34.4 7.0 4.9 11.5 1.5 0.1 0.2 
8 24.9 54.0 0.6 20.6 3.7 2.0 16.6 2.0 0.1 0.4 
9 10.5 43.5 0.8 26.8 7.9 6.9 13.2 0.7 0.1 0.2 
10 10.7 45.7 1.1 27.0 7.2 2.0 15.7 1.0 0.1 0.2 
HR 
 
1 7.2 40.9 1.2 28.4 14.5 3.2 11.1 0.4 0.1 0.2 
2 8.9 39 0.8 30.1 15.1 2.1 12 0.5 0.1 0.3 
3 7.9 38.3 0.9 27.2 15.7 3.5 13 0.9 0.1 0.4 
4 5.8 39.5 0.6 30.7 11.5 3.8 12.5 1.2 0.1 0.1 
5 4.8 38.8 0.7 29.8 14.3 4.1 11.7 0.4 0.1 0.1 
SiO2–
MnO 
  
  
  
  
  
  
  
  
  
TD 
1 6.8 40.1 0.3 0.7 0.1 5.3 47.0 0.2 1.3 0.0 
2 10.6 48.2 0.4 2.3 0.0 3.5 45.0 0.1 0.4 0.0 
3 4.7 39.5 0.3 2.6 0.2 3.9 40.8 1.0 3.7 0.0 
4 3.5 47.5 0.0 5.2 0.1 4.4 41.3 0.5 0.8 0.2 
5 5.5 58.6 0.4 7.4 4.3 3.8 21.0 0.5 0.4 0.0 
6 5.4 62.5 0.0 0.1 0.0 3.0 33.0 0.2 2.6 0.3 
7 13.6 45.2 0.4 2.3 0.0 6.5 45.0 0.1 0.4 0.0 
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8 19.8 48.3 0.0 0.5 0.1 4.1 46.4 0.1 0.4 0.0 
9 5.3 43.5 0.0 0.1 0.0 6.3 48.2 0.1 1.6 0.1 
10 6.8 42.2 0.3 0.7 0.1 5.6 49.4 0.2 1.4 0.0 
HR 
1 5.1 50.1 0 0.9 0 3.2 43.5 0.2 2.1 0 
2 6.5 49.8 0.2 2.5 0.2 2.9 40.4 0.3 3.6 0.1 
3 7.8 54.3 0.3 3.4 0.3 2.8 37.3 0.1 1.5 0 
4 4.2 52.5 0.1 5.1 0.1 3.1 37.2 0.2 1.4 0.3 
5 5.9 48.7 0.2 1.9 0.2 3.4 42.4 0.3 2.5 0.4 
 
Meanwhile, pure SiO2 (Figure 4.2(a)) and dual-phased Al2O3–SiO2–MnO inclusions (Figure 
4.2 (b)) in TD samples and Na2O-contained Al2O3–SiO2–CaO inclusions (Figure 4.2 (c) and 
(d)) were observed in HR samples. In addition, the dot-linked Al2O3–SiO2–CaO (Figure 4.2 
(e)) and CaO–SiO2 inclusions (Figure 4.2 (f)) were detected in the steel samples of HR. The 
spot analysis results for the dual-phased Al2O3–SiO2–MnO and Na2O-contained inclusions are 
shown in Table 4.4. The inner black part of inclusions refers to SiO2 phase and the grey parts 
correspond to Al2O3–SiO2–MnO phase in the Figure 4.2 (b). The SiO2 phase originated from 
precipitation out of inclusions caused by solubility reduction with temperature decrease during 
the solidification process, which was investigated by FactSage calculations in following 
sections. The Na2O contents detected in inclusion was high as 9.8 and 10.0 %, which was 
related to the entrapped mould flux particles. 
Table 4.4 Chemical composition of particular inclusions in wt pct. 
 Al2O3 SiO2 CaO FeO Cr2O3 MgO S MnO TiO2 Na2O 
a 0.0  98.5  0.0  1.4  0.1  0.0  0.0  0.0  0.0  0.0  
b-1 20.6 54.0 0.6 2.0 0.1 3.7 0.4 16.6 2.0 0.0 
b-2 6.0 85.5 0.3 3.0 0.0 0.9 0.1 3.7 0.6 0.0 
c 24.0 26.6 19.2 4.9 0.1 5.8 2.6 5.8 0.0 9.8 
d 32.0 30.1 15.7 4.4 0.4 5.6 0.1 1.5 0.0 10.0 
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Figure 4.2 Representative morphologies of particular inclusions: (a) pure SiO2 particles in TD samples; (b) 
dual-phased Al2O3–SiO2–MnO inclusions; (c) and (d) Na2O-contained Al2O3–SiO2–CaO inclusions in spring 
rods; (e) Dot-linked Al2O3–SiO2–CaO inclusions in spring rods;(f) Crushed CaO–SiO2 inclusions in spring rods. 
2. Number density and size range of inclusions  
The number density of various inclusions during industrial production is shown in Figure 4.3. 
The primary inclusions in VD steel samples were CaO–SiO2 inclusions with the total number 
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density being 0.19 /mm2, followed by Al2O3–SiO2–CaO inclusions with number density being 
merely 0.06 /mm2. Despite the number density of these two types of the inclusions decreased 
slightly from VD to TD, the density of Al2O3–SiO2–CaO inclusions in HR spring rods is more 
than twice higher than that in VD and TD samples. This is partially related to the inclusions 
crush during hot rolling, extruding large-size inclusions with low liquid temperature into the 
discontinuous dot-linked inclusions. The Al2O3–SiO2–CaO inclusions larger than 10 μm in 
spring rods after hot rolling were observed. This partially originated from the entrapped mould 
flux particles, which will be discussed in details in following sections. Meanwhile, Al2O3–
SiO2–MnO and SiO2–MnO inclusions, large portions of which were even larger than 20 μm, 
were observed in TD samples. This differs from previous research results that the MnO–SiO2–
Al2O3 inclusions of small sizes were observed from tundish to reheated bloom, especially the 
dual-phased inclusions only presented after casting. [24] Table 4.5 shows the inclusions size 
ranges during industrial production, with total inclusions numbers being 215, 217 and 203, 
respectively. The average size of the CaO–SiO2 inclusions in VD and TD samples was much 
higher than Al2O3–SiO2–CaO inclusions, owing to Al2O3–SiO2–CaO all being less than 6 μm 
in VD and TD samples. The average sizes of Al2O3–SiO2–MnO and SiO2–MnO inclusions 
were 14.1 and 9.0 μm, which were caused by the re-oxidization of molten steel in the tundish. 
The number density and average size of Al2O3–SiO2–CaO inclusions greatly increased after 
hot rolling, which was attributable to the crush of deformable inclusions with low-liquidus 
temperatures as well as the entrapment of mould flux, as discussed in Session 4.3.5. 
 
Figure 4.3 Number density changes of different types of the inclusions through the refining process: (a) CaO–
SiO2; (b) Al2O3–SiO2–CaO; (c) Al2O3–SiO2–MnO; (d) SiO2–MnO. 
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Table 4.5 Average size and size ranges of the inclusions through the manufacturing process. 
 Average size/μm 
 Total numbers of inclusions 
observed 
CaO–SiO2 Al2O3–SiO2–CaO Al2O3–SiO2–MnO SiO2–MnO 
VD 215 
5.2 
(2.4-11.3) 
2.9 
(2.2-3.3) 
  
TD 217 
6.6 
(2.0-24.5) 
3.7 
(2.2-5.9) 
14.1 
(6.1-29.5) 
9.0 
(3.4-27.4) 
HR 203 
5.0 
(1.7-10.4) 
5.2 
(2.5-14.0) 
4.5 
(1.4-10.3) 
5.2 
(2.1-4.3) 
4.3.2 Formation and evolution of CaO–SiO2 inclusions  
The CaO–SiO2 inclusions composition in the steel samples taken from VD, TD and HR was 
projected into pseudo-ternary phase diagrams of Al2O3–CaO–SiO2 at fixed MgO [38], as shown 
in Figure 4.4. Inclusions were classified into the following size ranges, 2.5–5 μm, 5–10 μm, 
10–15 μm, 15–20 μm and larger than 20 μm. The CaO–SiO2 inclusions less than 10 μm in VD 
and TD samples have relatively high SiO2 content. These were located in the pyroxene area, 
with liquidus temperatures between 1300 and 1400 ⁰C. CaO–SiO2 inclusions larger than 10 μm 
in the steel samples of VD and TD share similar compositions with the refining slag. These are 
all located in the melilite area with liquidus temperatures around 1400 ⁰C. Most CaO–SiO2 
inclusions larger than 10 μm were not observed in HR samples, which was caused by the 
effective removal of inclusions in the mould. Because these inclusions have compositions close 
to that of the top slag. These were considered to originate from the entrapped slag. The MgO 
content of CaO–SiO2 inclusions has been increasing caused by gradual refractory corrosion 
through the refining process, which is aggravated by the low basicity (CaO/SiO2=0.79) and 
low MgO content of the refining slag. 
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Figure 4.4 CaO–SiO2 compositions on Al2O3–SiO2–CaO pseudo-ternary phase diagrams at fixed MgO (adapted 
from [38]): (a) VD (MgO =7.3 %–10.9 %); (b) TD (MgO =8.9 %–11.5 %); (c) HR (MgO =10.1 %–16.6 %). 
The total CaO–SiO2 inclusions number fraction of different sizes through the manufacturing 
process is shown in Figure 4.5. Almost 71% of CaO–SiO2 inclusions in VD samples are 
between 3–6 μm. None larger than 15 μm were detected in VD samples. The ratio of the 
inclusions larger than 10 μm greatly increased to 20% in TD samples. This is caused by the 
formation of large CaO–SiO2 inclusions in TD samples, some of which even larger than 20 μm, 
as shown in Table 4.5. Yang et al.[39] found obvious inclusions number increase in TD samples 
and inferred this was caused by reoxidation-related severe contamination. Based on the actual 
steel composition analysis results, apparent nitrogen content increase was observed in the steel 
sample from 0.0035 mass% in VD to 0.0065 mass% in TD samples. Zhang et al.[40] and Thomas 
et al.[41] concluded that nitrogen pickup served as a crude indirect measure of quality problems 
from reoxidation inclusions. Li et al.[42] observed nitrogen content in the molten steel from 
0.0359 mass% to 0.0478 mass% during reoxidation of steel at cast start. They observed a wide 
range of MnO-rich SiO2–MnO inclusions generated during reoxidation of molten steel, which 
agreed with inclusions observation in TD samples. The obvious nitrogen pickup of 0.0035 mass% 
(Table 4.1) in the molten steel from VD to TD indicated strong re-oxidation occurred in the 
tundish. Zhang et al. [43] concluded that quantitative reoxidation sources in continuous tundish 
are MnO and FeO in ladle slag, SiO2 in tundish flux and air absorption. Because MnO and FeO 
in ladle slag and SiO2 in tundish flux are very low, air absorption is the major problem in 
tundish ladle.   
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Figure 4.5 Total number fraction of CaO–SiO2 inclusions of different sizes. 
The contents of CaO and SiO2 for CaO–SiO2 inclusions with different size ranges are illustrated 
in Figure 4.6(a). For inclusions larger than 10 μm, which are the main contributing factors for 
fatigue failure, the mass ratio of X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2) for CaO–SiO2 inclusions are independent of 
inclusion diameters. Those less than 5 μm tend to have higher SiO2 content and less CaO 
content. When the inclusions sizes are less than 5 μm, the X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2)  significantly 
increased with inclusion size increase, as shown in Figure 4.6(b); however, for CaO–SiO2 
inclusions larger than 10 μm, the X(𝐶𝑎𝑂)/X(𝑆𝑖𝑂2) remained relatively stable.  
  
Figure 4.6 Corresponding relation between diameter and composition for CaO–SiO2 inclusions: (a) major 
chemical composition and inclusion size; (b)𝑋(𝐶𝑎𝑂)/𝑋(𝑆𝑖𝑂2) and inclusion size. 
The CaO-SiO2 inclusions formation and evolution mechanism are illustrated in Figure 4.7. 
SiO2 inclusions formed by re-oxidization in the tundish, collided with CaO-SiO2 inclusions, 
therefore obviously increasing the average SiO2 content in the CaO-SiO2 inclusions. For large 
CaO-SiO2 inclusions, the increased SiO2 content by collision was neglectable; however, 
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increased SiO2 content by collision is noticeable for small CaO-SiO2 inclusions. This explained 
why CaO and SiO2 contents remained stable when inclusion sizes increased for those larger 
than 10 μm.” 
 
Figure 4.7 Formation and evolution of CaO–SiO2 inclusions. 
4.3.3 Formation and evolution of Al2O3–SiO2–CaO inclusions  
Figure 4.8 shows the EPMA line analysis of irregular Al2O3–SiO2–CaO inclusions in HR 
samples. The content of SiO2, CaO and Al2O3 in inclusions was uniformly distributed 
throughout the whole inclusion. For Al2O3–SiO2–CaO inclusion, SiO2 has the highest content 
of nearly 40%, followed by Al2O3 content being 30%. 
  
Figure 4.8 Typical Al2O3–SiO2–CaO inclusions: (a) morphology; (b) elemental line analysis by electron probe 
microanalysis (0.5 μm interval). 
Figure 4.9 shows the corresponding relation between diameter and major compositions for 
Al2O3–SiO2–CaO inclusions. For Al2O3–SiO2–CaO inclusions in VD and TD samples, the 
major components of which were SiO2 and CaO, the apparent relationship between inclusions 
size and contents of CaO and SiO2 was observed. Inclusions less than 5 μm tend to have higher 
SiO2 content and less CaO content. But for inclusions larger than 5 μm, which were the main 
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contributing factors for cracking occurrence, the CaO and SiO2 content of the inclusions were 
negligibly affected by their sizes within this range. For Al2O3–SiO2–CaO inclusions in the 
molten steel samples of HR, the overall chemical composition changed slightly and remained 
the same regardless of the inclusions size. To be specific, the SiO2 content remained stable, but 
CaO content was decreased by more than 10 % and Al2O3 content was increased by more than 
10 %. The entrapment of mould flux, which has higher Al2O3 and lower SiO2 content with 
large sizes, is attributable for the composition variation of Al2O3–SiO2–CaO inclusions in the 
steel samples of HR, as illustrated in Session 4.3.2. Then, Al2O3–SiO2–CaO inclusions were 
crushed into large numbers of small pieces after hot rolling, owing to the low liquidus 
temperature and hardness [44], which accounted for the obvious number fraction increase of 
Al2O3–SiO2–CaO inclusions in the steel samples of HR.  
  
Figure 4.9 Effects of sizes on the chemical compositions of Al2O3–SiO2–CaO inclusions: 
(a) VD and TD; (b) HR. 
The total Al2O3-SiO2-CaO inclusions number percentage of different sizes through the 
manufacturing process is shown in Figure 4.10. The majority of Al2O3–SiO2–CaO inclusions 
in samples of VD are less than 4 μm. For inclusions in TD samples, the total percentage 
experienced a great increase from 2 μm to 5 μm, reaching 100 %; however, small amounts of 
Al2O3–SiO2–CaO inclusions larger than 10 μm were observed in HR samples, which is related 
to the mould flux entrapment.   
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Figure 4.10 Total number fraction of Al2O3–SiO2–CaO inclusions. 
The composition distribution of Al2O3–SiO2–CaO inclusions in the steel samples taken from 
VD, TD and HR, was projected into Al2O3–SiO2–CaO ternary system, as shown in Figure 4.11.  
The Al2O3–SiO2–CaO inclusions less than 5 μm in TD samples have relatively high SiO2 
content with liquidus temperatures less than 1400 °C. These were located in the anorthite area. 
Nevertheless, Al2O3–SiO2–CaO inclusions after hot rolling, which were mainly located in the 
anorthite area, have high Al2O3 content as well as liquidus temperatures exceeding 1400 °C. 
Some of these inclusions originate from entrapped mould flux owing to the observation of 
Na2O–contained Al2O3–SiO2–CaO inclusions in spring rods samples of HR (Figure 4.2(c) and 
(d)).  
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Figure 4.11 Compositions of Al2O3–SiO2–CaO inclusions on Al2O3–CaO–SiO2 pseudo-ternary phase diagrams at 
fixed MgO (adapted from [37]): (a) VD (MgO =4.0 %–7.2 %); (b) TD (MgO = 5.8 %–8.2 %); (c) HR (MgO 
=2.1 %–7.6 %). 
The formation and evolution mechanism of the inclusions during industrial production is 
shown in Figure 4.12. As mentioned before, CaO–SiO2 inclusions resulted from the 
coalescence between entrapped refining slag particles and SiO2 particles. It is widely 
acknowledged that Al2O3 in inclusions resulted from ferroalloys, which usually contain Al as 
an impurity. The dissolved [Al] from ferroalloys reacted with CaO–SiO2 inclusions and formed 
Al2O3–SiO2–CaO inclusions in VD samples. During tundish processing, most CaO–SiO2 and 
Al2O3–SiO2–CaO collided with each other and grew in size. Meanwhile, Al2O3–SiO2–MnO 
and SiO2–MnO inclusions are formed from re-oxidization of molten steel during the teeming 
into tundish ladle due to strong turbulence. At the same time, some of these inclusions floated 
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upwards into the mould flux and were removed. This accounted for the apparent decrease of 
the number density and size range of Al2O3–SiO2–MnO and SiO2–MnO inclusions after hot 
rolling. Owing to the rapid fluctuation of surface level caused by excessive surface turbulence 
[45], the local entrapment of mould flux occurred, which resulted into the formation of large 
quantities of Al2O3–SiO2–CaO inclusion after hot rolling, which was verified by the 
observation of Na2O-contained Al2O3–SiO2–CaO. After hot rolling, the deformation and crush 
of CaO–SiO2 and Al2O3–SiO2–CaO inclusions were observed owing to the low liquidus 
temperatures and good plasticity.  
 
Figure 4.12 Formation and evolution mechanism of the inclusions during industrial production. 
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4.3.4 Formation and evolution of Al2O3–SiO2–MnO and SiO2–MnO inclusions  
Figure 4.13 shows the EPMA line analyzing of typical single-phase Al2O3–SiO2–MnO 
inclusions. The inner part had higher Al2O3 content but lower SiO2 and MnO contents. The 
obvious increase of detected FeO content at inclusion edges is related to the interference of the 
steel matrix surrounding inclusions. 
 
Figure 4.13 Typical Al2O3–SiO2–MnO inclusions: (a) morphology; (b) elemental line analysis by electron 
probe microanalysis (0.5 μm interval). 
As mentioned, dual-phased Al2O3–SiO2–MnO inclusions were observed in TD samples, as 
shown in Figure 4.14.  Spot analysis was conducted to obtain detailed inclusions compositions 
and results were listed in Table 4.6. Light grey parts belonged to Al2O3–SiO2–MnO inclusions 
while the black sections corresponded to pure SiO2. Wang et al. 
[24] have conducted 
thermodynamics analysis to verify SiO2 tend to precipitate from MnO–SiO2–Al2O3 liquid 
inclusions (40MnO–48SiO2–12Al2O3) with temperature decrease to 1375 °C. The SiO2 phases 
became saturated and began to precipitate from liquid inclusions. This is the reason why almost 
all dual-phased oxide inclusions in TD samples belong to Al2O3–SiO2–MnO inclusions with 
SiO2-precipitation. The liquid phase was located in the cristobalite area with liquidus 
temperature in the vicinity of 1600 °C, which is very close to the molten steel temperature in 
the tundish.  
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Figure 4.14 Spot analysis and composition of dual-phased Al2O3–SiO2–MnO inclusions: (a) morphology; (b) 
composition shown on Al2O3–SiO2-MnO pseudo-ternary phase diagram (adapted from [38]). 
Table 4.6 Chemical composition of different phases of Al2O3–SiO2–MnO inclusions in pct wt. 
 Al2O3 SiO2 CaO FeO Cr2O3 MgO S MnO TiO2 
a-1 0.5 97.7 0.1 2.0 0.0 0.1 0.0 0.3 0.0 
a-2 0.9 97.3 0.1 1.1 0.0 0.6 0.0 0.9 0.0 
a-3 10.2 54.4 2.5 1.3 0.1 11.7 0.3 25.2 0.5 
Composition distribution of single-phase Al2O3–SiO2–MnO inclusions detected in TD samples 
is projected into the corresponding system, as presented in Figure 4.15. Most of these 
inclusions are comprised of a cristobalite phase and a glassy Mn-silicate matrix, with the 
liquidus temperatures higher than 1500 °C. Meanwhile, inclusions are primarily located in 
three areas, including the mullite area, tridymite area and cristobalite area. 
 
Figure 4.15 Al2O3–SiO2–MnO and SiO2–MnO inclusions compositions in the Al2O3–SiO2–MnO pseudo-
ternary phase diagram (adapted from [38]). 
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The total Al2O3–SiO2–MnO and SiO2–MnO inclusions number percentages of different sizes 
are shown in Figure 4.16. 81% of all the SiO2–MnO inclusions were less than 10 μm in VD 
samples. Then the ratio increased slightly from 81% at 10 μm particle diameter to 87% at 25 
μm. After that, the ratio increased dramatically to 100 % at 26 μm. For Al2O3–SiO2–MnO 
inclusions, only 16 % of the inclusions are less than 10 μm. Then the total percentage for 
Al2O3–SiO2–MnO inclusions increased obviously from 10 μm to 15 μm, dramatically reaching 
53%.  
 
Figure 4.16 Total number fraction of Al2O3–SiO2–MnO and SiO2–MnO inclusions number percentage. 
4.3.5 Thermodynamics calculations of oxide inclusions 
The Al2O3–SiO2–MnO and SiO2–MnO inclusions with large sizes were observed in the steel 
samples taken from TD and HR. They were formed from re-oxidization of molten steel during 
the teeming into tundish ladle due to the strong turbulence, which was investigated with 
FactSage calculations. Stability diagram of the Fe–C–Si–Mn–Al–O system at 1600 °C for 
[37]=0.71 is shown in Figure 4.17. The equilibrium oxygen contents (0.0001%) within molten 
steel is represented by the number close to the grey line. Meanwhile, the analyzed steel 
composition was also depicted here. For steel sample of TD and VD, the primary compositions 
were mainly located in the liquid oxide area, characterized with high [Al], [Si] and [37] 
contents according to the FactSage calculation results. With local oxygen saturation in the 
molten steel after reoxidization in the tundish, the [Al], [37] and [Si] in the molten steel reacted 
with [O] and form Al2O3–SiO2–MnO and SiO2–MnO inclusions in the molten steel, which 
corresponded to the observed inclusions in the tundish samples. 
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Figure 4.17 Stability diagram for the Fe–C–Si–Mn–Al–O system at 1600 °C for [37] = 0.71 mass% calculated 
using FactSage software, showing the location of experimental data. 
FactSage calculations were conducted to predict the equilibrium crystalline compositions of 
inclusions during the solidification process from 1600 °C to 950 °C, based on the average major 
composition of Al2O3–SiO2–MnO and SiO2–MnO inclusions. The equilibrium phases of the 
inclusions from 1600 °C to 950 °C are shown in Figure 4.18(a). The liquidus temperatures of 
SiO2–MnO inclusions were about 1300 °C and rhodonite phase firstly precipitated with 
temperature decreased to 1300 °C. This is consistent with detected SiO2–MnO chemical 
compositions distribution (Figure 4.15). Meanwhile, SiO2 phases started to precipitate when 
temperature decrease from 1400 °C to 1200 °C, the mass contents then remained stable with 
further temperature decrease, as shown in Figure 4.18(a). This is compatible with the observed 
precipitated SiO2 phase in SiO2–MnO inclusions.  For Al2O3–SiO2–MnO inclusions in Figure 
4.18(b), liquidus temperatures were about 1350 °C, below which cordierite phase started to 
precipitate in inclusions. When the temperature decreased to below 1100 °C, large numbers of 
spessartine and SiO2 phase precipitated within the inclusions. When the temperature further 
decreased to 1170 °C, Mn3Al2Si3O12 started to precipitate. Meanwhile, the SiO2 phases 
precipitated in inclusions with mass contents being near 10 %, which is in accordance with our 
research findings.  
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Figure 4.18 Equilibrium precipitation phases of the inclusions during solidification based on the average 
inclusion composition: (a) SiO2–MnO inclusions; (b) Al2O3–SiO2–MnO inclusions. 
Air was sucked into the molten steel in the tundish furnace. Owing to the high contents, 
dissolved elements such as Si and Mn are preferentially oxidized by environment oxygen, and 
their products develop into non-metallic inclusions generally one or two magnitudes larger than 
deoxidization inclusions. The dissolved [Si] and [37] quickly reacted with O2, forming large 
quantities of SiO2–MnO inclusions in the molten steel, as given in Eqs. [17]. The formed SiO2–
MnO inclusions reacted with dissolved [Al] and changed into Al2O3–SiO2–MnO inclusions, as 
expressed by Eqs. [2]. 
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[𝑆𝑖] + [𝑀𝑛] + 1.5𝑂2 →⁡𝑆𝑖𝑂2 −𝑀𝑛𝑂[𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛]                                                [17]                       
[𝐴𝑙] + 𝑆𝑖𝑂2 −𝑀𝑛𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛) →⁡𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2 −𝑀𝑛𝑂[𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛] + [𝑀𝑛]                   [2] 
4.4. Conclusions 
To re-evaluate the formation and evolution of oxide inclusions in spring steel deoxidized by Si, 
the industrial sampling of the same heats was conducted from VD, TD to HR stages. By 
analyzing the number density, morphology and chemical compositions of the inclusions EPMA, 
the continuous changes and correlations of various inclusions were explained. New 
explanations were proposed for Al2O3–SiO2–CaO inclusions formation. The primary findings 
are concluded as follows: 
1. The primary inclusions in steel samples of VD, TD and HR are CaO–SiO2 and Al2O3–SiO2–
CaO inclusions. We also observed some large-sized Al2O3–SiO2–MnO, SiO2–MnO and pure 
SiO2 inclusions with sizes exceeding 20 μm in TD steel samples.  
2. CaO–SiO2 inclusions resulted from coalescence between entrapped slag particles and SiO2 
particles. CaO–SiO2 inclusions exceeding 10 μm after VD treatment had the same composition 
with the refining slag. These are all located in the melilite area. The CaO–SiO2 inclusions less 
than 5 μm after VD treatment have relatively high SiO2 contents with low liquidus temperatures. 
They were located in the pyroxene areas. 
3. Al2O3–SiO2–MnO and SiO2–MnO inclusions were formed from re-oxidization of molten 
steel during the teeming due to the strong turbulence. Some large inclusions floated upwards 
into the mould flux and were removed.  
4. The Al2O3–SiO2–CaO inclusions in VD and TD samples originated from the reaction 
between [Al] from ferroalloys and CaO–SiO2 inclusions. For Al2O3–SiO2–CaO inclusions in 
the steel samples of HR, they originated from entrapped mould flux and anorthite precipitations.   
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Chapter 5 Formation mechanism of Al2O3-containing inclusions 
in Al-deoxidized spring steel 
This Chapter has been published in Metallurgical and Materials Transactions B, 
https://doi.org/10.1007/s11663-019-01644-7. 
 
Chapter abstract: The source, characteristics, and mechanism of Al2O3-containing inclusions 
in Al-deoxidized spring steel were investigated utilizing electron probe X-ray micro-analysis. 
Spring samples were collected during vacuum degassing refining, in tundish ladle and after hot 
rolling, respectively.  Based on primary inclusions components, seven types of inclusions were 
observed through the manufacturing process: Al2O3, Al2O3-SiO2, Al2O3-CaO, Al2O3-MgO, 
Al2O3-MgO-CaO, Al2O3-SiO2-MnO and Al2O3-SiO2-CaO inclusions. The Al2O3 and Al2O3-
SiO2 inclusions were mainly attributed to deoxidization products, with liquidus temperatures 
exceeding 1600 °C and less than 15 μm in diameter. For Al2O3-CaO inclusions, which were 
considered to be formed by the reduction of entrapped slag by Al dissolved in the steel, the 
Al2O3/CaO ratio obviously decreased with the increase of inclusion sizes. Most Al2O3-SiO2-
CaO inclusions were less than 15 μm in diameter, with their composition close to that of the 
refining slag and liquidus temperature near 1500 °C. The Al2O3-MgO and Al2O3-SiO2-MnO 
inclusions originated from inherent reactions between dissolved [Al], [Si], , [Mg] and [O] in 
the steel. Al2O3-MgO-CaO inclusions resulted from coalescence between Al2O3-MgO and 
Al2O3-CaO inclusions.  
 
Keywords: Inclusions; spring steel; aluminium deoxidization; evolution mechanism 
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5.1 Introduction 
Spring steel with excellent mechanical strength and fatigue resistance is usually utilized as 
spring wires for automobile clutch and suspensions.[1-5] Owing to differences in thermal 
expansion coefficients and mutual adhesion between inclusion and steel matrix, local stress 
concentration and minor voids would be generated around inclusions, which deteriorated 
fatigue-resistance and even aggravate crack-initiation of coil springs during working.[6-8] 
Owing to increasing demand of lightweight materials with long working-life for automobile 
applications, non-metallic inclusions in steel should be carefully controlled.[9]  
The fatigue resistance of spring steel is closely related to three inclusions properties: (a), 
inclusions dimensions are crucial to flexural fatigue limit of spring steel. Tanaka et al. [10] 
concluded fatigue strength and crack initiation life were reduced by the increased inclusions 
sizes. Zhang et al. [11] investigated the effects of inclusions sizes on fatigue behaviours of spring 
and found the fatigue strength was substantially improved due to decreased average inclusion 
sizes; (b), irregular morphologies with sharp edges, which was strongly influenced by primary 
chemical composition, could result in stress concentration and minor crack near inclusions. Lei 
et al. [12] found the morphology of inclusion on fracture surface was distinguished from that of 
other inclusion as fatigue crack origin; (c), the differences in thermal expansion coefficients 
and adhension properties between inclusions and steel, exerted enormous influence on steel 
properties. Laz et al. [13] found the stiffness and thermal expansion coefficients between 
inclusions and surrounding matrix resulted in localized stress concentration, which easily 
resulted in the fatigue crack formation. Kunio et al. [14] found the poor adhesion between matrix 
and aluminum oxide inclusion lead to the formation of inclusion pits which serves as a simple 
stress raiser.  
Nowadays, to obtain fantastic deoxidization efficiency and ultra-low oxygen content in molten 
steel, ferroaluminium alloys, were widely utilized for the deoxidizing of spring steel [15-18]. 
Various non-deformable inclusions have been observed in Al-deoxidized steel, such as Al2O3 
and spinel related to the deoxidization equilibrium [19, 20], which could reduce the fatigue 
resistance, deteriorate the surface roughness and weldability and act as the breakage initiation 
sites during hot rolling.[21-24] In addition, Al2O3-CaO inclusions were frequently observed in 
Al-deoxidized steel. [25-27] Eid.et al. [28] observed the debonded at the interface between globular 
Al2O3-CaO inclusions and steel matrix. Coletti et al. 
[29] observed the evolution of Al2O3-CaO 
inclusions at molten steel/slag interfaces in-situ through a confocal scanning laser microscope. 
Wikström et al. [30] investigated agglomeration of liquid Al2O3-CaO particles at both 
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steel/argon gas and steel/slag interfaces with a confocal scanning laser microscope. These 
studies lacked agreement regarding the mechanism of formation of Al2O3-CaO inclusions. 
Kang et al. [31] found calcium aluminate inclusions originated from spinel by the reaction with 
dissolved [Ca] in molten steel. Yang et al. [32] confirmed MgO·Al2O3 spinel inclusions less than 
2 µm were modified into a xCaO·yAl2O3 inclusion by reducing all MgO component in the 
spinel inclusions with the added calcium; however, for our research, because the [Ca] content 
in molten steel was low, it is hard for the calcium modification or spontaneous formation of 
Al2O3-CaO inclusions. Holappa et al. 
[33] concluded calcium aluminate inclusions resulted from 
solidified molten slag particles. As described above, views are vastly scattered on the formation 
of Al2O3-CaO inclusions in Al-deoxidized spring steel, which requires detailed investigation 
for the formation mechanism. Several studies [31, 34-36] have been conducted on the mechanism 
of dual-phase Al2O3-MgO-CaO system inclusions, suggesting these inclusions were modified 
from irregular-shape spinel inclusions by dissolved Ca in molten steel and then covered with 
liquid calcium aluminate phase outside, reaction steps of which were proposed as follows: (a) 
reduction of MgO component of spinel by dissolved [Ca] in molten steel, which usually 
occurred at sharp edges; (b) diffusion of the dissolved Mg into molten steel; (c) reaction 
between residual Al2O3 in inclusions and CaO to form spherical shape with uniformly 
distributed compositions. This hypothesis is not necessarily suitable for practical observations 
because inclusions in produced steel were more complicated.  
Therefore, to explore the mechanisms of formation of the various Al2O3-containing inclusions, 
steel samples were collected through manufacturing process, during vacuum degassing, in 
tundish ladle and in spring rods after hot rolling, named VD, TD and HR. Electron probe X-
ray microanalysis (EPMA) was utilized to preciously analyze compositions, sizes and 
morphologies of large quantities of inclusions in the spring samples.  
5.2 Experimental 
5.2.1 Steel manufacturing process and sampling 
The major chemical composition of steel samples consisted of 0.55% carbon, 1.5% Si, 0.7% 
Mn and 0.7% Cr. The process route of the medium-carbon spring steel is as follows: 
“Electricity Arc Furnace (EAF) → Ladle Furnace (LF) refining → Vacuum Degassing (VD) 
→ Continuous Casting (CC)”. 40 % molten iron was added with 60 % steel scrap during the 
EAF steelmaking operations. During EAF tapping, certain numbers of Al-Fe alloys were added 
into the ladle as deoxidizers as well as Si-Fe and Cr-Fe alloys as the alloying elements. 
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Meanwhile, limes were added into the ladle as desulfurizer and flux former. After the ladle 
arriving at the LF station, slag materials (lime and wollastonite) with the basicity 
(CaO/SiO2=1.5-1.8) were utilized, with the FetO and MnO contents of the refining slag were 
below 0.1 %. MgO-C bricks constituted the major refractories components. At the end of the 
LF refining, molten steel was smoothly stirred (soft blowing) to facilitate the inclusions 
removal into refining slag. Rectangular blocks (325 × 420 mm) were obtained after continuous 
casting, which were finally hot rolled into spring rods with 5.5 and18.0 mm in diameter. The 
mold flux was mainly composed of CaO, SiO2, CaF2, Na2O and Al2O3. Sampling bars were 
utilized to obtain the glassy refining slag. 
5.2.2 Analysis of steel samples  
Steel samples were extracted from the molten steel by vacuum sampling tubes. The 
concentrations of oxygen were determined by LECO TCH600 analyser. The steel samples were 
analysed by optical emission spectroscopy (Bausch & Lomb, ARL OES 4460) for the 
concentrations of C, Si, Cr, S, P and Mn. The average error of these elements were: 2ppm for 
C, 3ppm for Si, 0.7 ppm for Mn, 1.3ppm for Cr, 0.3ppm for P, 0.7ppm for S and Mn. The 
average errors of Al and Mg were 3 and 0.1µg/L. Their compositions were listed in Table 5.1. 
Longitudinal sections of the steel samples were mounted with epoxy resin, which were then 
mechanically polished with diamond pasters after grinding with silicon carbide papers. Steel 
and slag samples were carefully analyzed with EPMA. Quantitative analysis with WDS were 
utilized to determine inclusions compositions. First, the quantitative analysis focused on nine 
elements of Si, Al, Ca, Fe, Cr, Mg, S, Mn and Ti with different channels. The results are 
expressed as mass percentage values for the respective oxides of each element, such as MgO 
and Al2O3. The sum of these values is 100%. Mirror-polished surfaces of the steel specimens, 
which is about 2.0 cm2, were thoroughly scanned line-by-line by EPMA manually to ensure all 
inclusions exceeding 1.0 μm were included. Each sample had been analyzed many times to 
ensure sufficient data of inclusions was obtained. Inclusions were readily distinguished from 
pores and impurities on sample surfaces by higher brightness levels. The EPMA operating 
parameters were listed as follows: accelerating voltage of 15 kV, probe current of 15 nA, probe 
diameter of “zero”, peak measuring time of 30 s, and background measuring time of 10 
seconds. EDS was used to select non-metallic inclusions in steel.  
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Table 5.1 Chemical compositions of three spring samples (mass%). 
Samples C Si Mn Cr P S Al Mg T[O] 
VD 0.55 1.30 0.68 0.64 0.008 0.004 0.027 0.0043 0.0029 
TD 0.55 1.33 0.69 0.63 0.009 0.004 0.027 0.0046 0.0025 
HR 0.55 1.44 0.70 0.64 0.003 0.005 0.031 0.0041 0.0021 
5.3 Results and discussion 
The morphologies and composition of VD refining slag were illustrated in Figure 5.1.  As 
shown in Figure 5.1(a), the glass and 2CaO·SiO2 phases co-existed in slag samples. The 
basicity of the glassy phases was 1.5 and content of MgO was 8.6 %. The indicative 
composition of slag compositions was shown in Figure 5.1(b). After drawing a line connecting 
two phases, the liquidus temperature of refining slag before dual-phase formation was 
exceeding 1600 ºC, which indicated two phases in refining slag co-existed during the refining 
operations.  
  
 
Figure 5.1 Typical morphology and composition of refining slag (adapted from reference [37]): (a) 
morphology; (b) composition distributions. 
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5.3.1 Morphology and composition of inclusions   
In the study, only oxide inclusions were mainly focused, although sulphide MnS were observed. 
According to the analyzed chemical compositions, seven categories of Al2O3-containing 
inclusions were observed in steel samples: Al2O3, Al2O3-MgO, Al2O3-CaO, Al2O3-SiO2, 
Al2O3-CaO-SiO2, Al2O3-MgO-CaO and Al2O3-SiO2-MnO inclusions, as is shown in Table 5.2.  
Table 5.2 Inclusions classification based on chemical compositions. 
 
Inclusion Compositions, wt.% 
Al2O3 SiO2 CaO MgO MnO 
Al2O3 >90 <2 <2 <2 <2 
Al2O3-SiO2 >40 >10 <5 <5 <5 
Al2O3-MgO >70 <5 <5 >10 <5 
Al2O3-CaO >40 <10 >10 <10 <5 
Al2O3-CaO-SiO2 >20 >10 >10 <5 <5 
Al2O3-MgO-CaO >50 <5 >15 >15 <5 
Al2O3-SiO2-MnO >20 >20 <5 <5 >15 
Characteristic morphologies of inclusions are shown in Figure 5.2. Al2O3, Al2O3-SiO2 and 
Al2O3-MgO inclusions usually existed as single-particle with sharp edges, which indicated they 
are completely solid during the manufacturing process; while others were near-spherical 
shapes. The maximum lengths were regarded as dimensions of inclusions in VD and TD 
samples[38, 39] ; however, owing to deformation and elongation after hot rolling, equivalent 
average diameters instead of maximum lengths, were taken as inclusions sizes, which were 
represented by diameter of circle with same area. [40, 41]  Typical constituents of the inclusions 
in steel samples are listed in Table 5.3.  According to the average value of measured chemical 
compositions, the equilibrium precipitation phases of inclusions during solidification were 
estimated with FactSage calculations, as elucidated in following sections. The morphologies 
of deformed and crushed inclusions in spring rods after hot rolling were illustrated in Figure 
5.3. 
 
Figure 5.2 Morphologies of typical inclusions in the three steel samples. 
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Figure 5.3 Morphologies of deformed and crushed inclusions in spring rods after hot rolling: (a) Al2O3-CaO; (b) 
Al2O3-CaO-SiO2; (c) Al2O3-MgO-CaO; (d) Al2O3- SiO2-MnO; (e) crushed Al2O3-CaO-SiO2 inclusions. 
Table 5.3 Chemical compositions of typical inclusions in steel samples (mass%). 
  No 
Size/ 
μm 
Al2O3 SiO2 CaO FeO Cr2O3 MgO MnO TiO2 
Al2O3 
VD 
1 10.7 93.7 0.3 2.0 1.2 0.2 1.7 0.8 0.1 
2 10.4 94.7 0.4 0.0 1.7 0.2 1.5 0.6 0.9 
3 4.2 95.3 0.8 0.2 0.5 0.1 1.1 1.9 0.0 
4 4.0 94.7 0.3 1.0 1.2 0.2 1.7 0.8 0.1 
5 7.3 96.0 0.8 0.1 0.6 0.4 0.5 0.5 1.0 
 
TD 
1 8.2 95.9 0.1 0.0 3.7 0.0 0.0 0.0 0.2 
2 2.9 90.1 0.4 0.1 3.5 0.1 5.1 0.7 0.0 
3 3.5 92.1 0.0 0.1 4.9 0.1 1.8 0.8 0.1 
4 5.3 92.7 0.9 0.1 4.9 0.1 0.9 0.0 0.5 
5 5.1 94.5 0.0 0.1 3.6 0.1 1.3 0.2 0.2 
HR 
1 4.8 91.9 0.3 0.3 3.8 0.1 1.9 1.1 0.5 
2 3.6 94.6 0.0 0.0 2.5 0.0 2.8 0.1 0.0 
3 3.6 95.2 0.3 0.1 0.6 0.3 2.5 1.0 0.1 
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4 4.7 91.8 0.2 0.1 3.7 0.2 2.2 1.7 0.2 
5 3.3 91.5 0.1 0.0 3.9 0.1 2.2 2.0 0.2 
Al2O3-
SiO2 
VD 
1 12.4 61.4 28.2 0.1 5.3 0.4 0.3 4.1 0.2 
2 12.4 63.9 27.1 0.1 4.9 0.5 0.2 3.2 0.1 
3 9.0 59.8 30.6 0.7 4.8 0.3 1.1 1.5 1.2 
4 3.1 55.8 26.1 5.3 4.9 0.4 3.3 3.9 0.3 
5 13.7 69.1 20.5 2.5 1.9 0.1 4.2 1.1 0.5 
TD 
1 6.7 70.5 20.0 0.9 4.4 0.2 1.8 1.5 0.7 
2 4.1 46.9 42.0 0.6 3.9 0.2 2.5 3.4 0.5 
3 5.5 84.1 11.1 0.0 2.7 0.2 0.3 0.5 1.0 
4 4.2 39.0 42.9 0.6 9.3 0.3 3.7 3.8 0.4 
5 9.2 71.7 19.1 0.1 3.8 0.2 0.4 2.2 2.4 
HR 
1 5.4 75.8 15.6 0.1 2.3 0.7 3.9 1.5 0.1 
2 2.7 76.5 14.5 0.7 3.8 0.2 2.3 2.0 0.0 
Al2O3-
CaO 
VD 
1 10.7 48.9 5.9 39.7 1.7 0.0 3.2 0.7 0.0 
2 24.2 49.5 6.3 37.9 1.4 0.0 4.5 0.3 0.0 
3 10.7 49.0 5.3 37.4 2.5 0.0 4.8 1.0 0.1 
4 12.6 48.7 6.2 38.0 2.8 0.1 4.1 0.1 0.0 
5 14.8 46.9 5.6 37.5 2.2 0.1 7.0 0.7 0.1 
6 12.7 49.4 5.8 36.8 1.7 0.0 5.2 1.0 0.0 
7 16.2 42.1 4.5 46.5 1.4 0.1 4.8 0.7 0.0 
8 8.0 48.5 6.7 40.4 1.5 0.0 2.6 0.3 0.0 
9 15.2 52.1 5.5 33.9 1.9 0.0 5.8 0.7 0.1 
10 22.3 46.4 6.0 41.0 1.6 0.0 4.5 0.5 0.1 
TD 
1 5.9 52.8 5.4 30.7 5.0 0.1 4.9 1.2 0.1 
2 4.2 53.0 2.6 35.9 3.7 0.0 2.6 1.1 0.0 
3 6.7 56.2 5.1 35.3 2.1 0.0 0.9 0.1 0.1 
4 4.7 56.5 5.5 33.0 3.6 0.0 0.5 0.8 0.1 
5 5.5 56.4 5.3 34.0 2.1 0.1 1.7 0.3 0.1 
6 9.7 56.5 4.6 32.5 1.3 0.0 4.6 0.4 0.0 
7 10.3 56.3 5.1 30.8 1.8 0.1 5.2 0.7 0.1 
8 5.8 51.7 5.2 35.3 4.0 0.1 3.6 0.2 0.1 
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10 6.7 60.6 5.7 25.2 2.9 0.1 4.6 0.8 0.1 
HR 
1 3.8 62.6 8.7 11.7 4.1 0.0 3.0 9.8 0.1 
2 4.0 64.3 9.3 11.8 3.3 0.1 3.1 8.1 0.1 
3 8.9 78.8 3.2 11.8 5.0 0.1 0.8 0.3 0.1 
4 5.4 68.4 8.1 17.7 2.7 0.0 1.5 1.5 0.1 
5 8.5 71.1 6.1 16.6 2.9 0.0 1.0 2.1 0.1 
6 4.4 64.3 9.3 16.5 4.3 0.0 4.3 1.3 0.0 
7 5.3 78.0 0.0 13.6 2.4 0.1 2.9 2.9 0.2 
8 5.7 70.5 0.1 20.4 2.6 0.1 3.1 3.2 0.1 
Al2O3-
MgO 
VD 
1 4.4 78.1 1.2 4.7 4.5 0.1 10.5 0.9 0.0 
2 3.0 71.4 1.6 0.3 3.6 0.4 18.2 4.5 0.0 
3 10.3 70.4 4.3 6.6 4.3 0.1 12.6 1.7 0.1 
4 4.5 76.2 0.4 0.2 6.2 0.1 13.1 3.8 0.0 
5 8.5 71.3 6.1 4.5 2.9 0.0 13.0 2.2 0.1 
TD 
1 7.4 78.0 0.3 0.1 6.6 0.2 14.2 0.6 0.0 
2 19.8 76.5 0.4 3.5 4.6 0.1 14.8 0.1 0.0 
3 4.9 76.8 0.1 0.0 3.8 0.1 15.9 3.2 0.0 
4 2.9 77.8 0.1 0.1 3.2 0.2 16.6 2.0 0.0 
5 4.1 78.3 0.2 0.1 4.1 0.3 16.7 0.4 0.0 
HR 
1 4.1 82.8 2.6 1.4 2.5 0.1 10.0 0.7 0.0 
2 3.9 76.3 0.0 0.6 4.0 0.0 17.8 1.3 0.0 
3 4.2 79.8 0.6 1.5 6.7 0.1 10.5 0.8 0.0 
4 3.9 78.6 0.1 0.0 3.5 0.1 17.4 0.4 0.0 
5 3.9 87.3 0.3 0.5 1.0 0.1 10.4 0.3 0.0 
Al2O3-
CaO-
SiO2 
VD 
1 79.7 21.6 38.5 29.8 0.5 0.1 5.6 3.1 0.8 
2 12.5 22.3 30.4 37.7 2.9 0.0 5.0 1.4 0.2 
3 12.8 36.8 18.1 36.3 4.8 0.2 2.5 0.9 0.2 
4 12.9 38.2 17.8 38.5 1.6 0.1 2.6 1.1 0.2 
5 22.0 35.5 19.5 39.7 2.0 0.0 2.9 0.2 0.2 
TD 
1 16.5 20.2 30.4 40.2 1.4 0.0 7.0 0.5 0.2 
2 9.0 25.2 23.6 41.9 2.2 0.0 6.2 0.9 0.0 
3 9.1 20.2 31.2 40.3 4.1 0.0 7.1 0.9 0.2 
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4 32.7 21.0 31.8 39.7 1.4 0.0 7.1 0.6 0.4 
5 23.8 28.5 21.1 41.2 1.8 0.0 5.4 1.8 0.3 
6 9.1 25.4 23.9 41.5 2.5 0.0 5.8 0.9 0.1 
8 16.7 41.5 17.7 36.7 1.7 0.1 2.2 0.0 0.1 
HR 
1 4.8 65.4 12.0 13.5 1.9 0.0 5.7 1.4 0.1 
2 4.7 68.8 11.3 11.6 3.0 0.1 4.1 1.0 0.1 
3 5.8 54.3 12.3 14.8 7.2 0.1 2.3 8.9 0.1 
4 4.1 58.4 14.2 13.8 8.1 0.1 3.9 1.4 0.1 
5 5.3 60.5 16.4 15.4 2.4 0.0 4.4 0.8 0.1 
6 7.2 60.2 14.5 17.7 3.1 0.0 2.6 1.7 0.1 
7 4.3 59.2 11.9 12.6 9.1 0.1 4.5 2.4 0.1 
8 9.6 40.1 15.8 37.0 6.3 0.1 0.2 0.4 0.0 
9 5.1 65.5 11.3 10.6 7.0 0.2 3.8 1.4 0.1 
10 3.9 64.1 10.8 11.4 5.7 0.3 1.6 8.0 0.2 
Al2O3-
MgO-
CaO 
VD 
1 5.6 80.0 2.2 8.0 2.6 0.1 5.4 1.3 0.5 
2 6.1 86.6 0.5 5.4 2.0 0.1 5.1 0.3 0.1 
3 3.1 81.5 1.3 6.1 2.7 0.1 6.3 1.7 0.2 
TD 
1 2.7 79.1 2.0 7.7 3.2 0.3 7.1 0.5 0.1 
2 10.9 86.9 1.2 5.3 1.1 0.0 5.2 0.2 0.1 
3 9.4 81.9 2.5 6.1 3.0 0.0 5.5 0.9 0.1 
4 5.4 82.8 1.2 5.2 3.8 0.1 6.4 0.4 0.1 
HR 
1 2.7 82.4 3.0 5.1 3.4 0.4 5.1 0.5 0.1 
2 3.4 84.1 1.1 5.6 1.7 0.2 6.2 1.0 0.1 
3 3.5 81.4 2.5 6.4 3.0 0.3 5.4 0.8 0.2 
4 3.2 81.4 2.6 6.1 3.4 0.1 5.9 0.4 0.1 
Al2O3-
SiO2-
MnO 
VD 
1 4.1 29.2 37.8 0.0 2.3 0.1 0.1 29.3 1.2 
2 6.9 25.7 44.3 0.1 2.4 0.1 0.1 25.7 1.6 
3 22.7 28.3 41.9 0.0 1.3 0.1 0.0 26.6 1.7 
4 19.0 34.8 34.1 0.0 2.6 0.2 0.3 25.2 2.7 
5 4.0 26.2 42.4 4.3 3.3 0.1 0.9 21.3 1.5 
TD 
1 5.8 50.9 20.5 0.0 2.2 0.1 0.1 24.6 1.5 
2 6.6 23.1 25.6 0.9 1.9 0.0 0.2 47.6 0.7 
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3 11.4 22.7 41.8 0.0 1.9 0.1 0.1 32.3 1.1 
4 6.0 32.2 34.9 0.0 1.8 0.1 0.5 29.3 1.3 
5 5.1 28.1 32.8 0.0 2.0 0.1 0.6 35.4 1.0 
HR 
1 3.2 30.5 38.4 0.0 1.2 0.1 0.2 28.7 0.9 
2 5.1 38.5 25.6 0.0 2.5 0.1 0.3 31.9 1.1 
3 4.2 37.9 30.7 0.0 3.1 0.1 0.1 26.6 1.5 
Total mass content of Al2O3 and CaO exceeded 80 % for Al2O3-CaO inclusions. From VD to 
HR, the average Al2O3 concentrations of these inclusions had been increasing, with 48.2 % in 
VD, 55.6% in TD and 68.7% in HR. Al2O3-CaO inclusions less than 10 μm tended to have 
higher Al2O3 and lower SiO2 content. These were related to coalescence between Al2O3-CaO 
and Al2O3 inclusions, as elucidated in the following sections. 
5.3.2 Number fraction and size ranges of inclusions  
The number density of the various types of inclusions through the manufacturing process is 
shown in Figure 5.4. Primary inclusions in VD and TD samples were Al2O3-CaO inclusions, 
the total number density of which were 0.064 and 0.058 /mm2; however, Al2O3 and Al2O3-
MgO inclusions dominated in steel samples of HR, which were precipitation products after hot 
rolling. With cooling and solidification of molten steel after hot rolling, the [Al] and [O] 
concentrations became supersaturated compared with the equilibrium at solidification 
condition, resulting to the formation of large amounts of Al2O3 inclusions. The growth rate of 
precipitated Al2O3 inclusions during hot rolling was closely related to segregation 
concentrations of [Al] and [O] at solidification frontier, solidification conditions and mass 
transport rate.[42] All inclusions in steel samples of HR were less than 10 µm. In steel samples 
of HR, the number density of Al2O3-CaO inclusions decreased to mere 0.004 /mm
2, which was 
related to effective removal of inclusions by mould flux.[43] Total number density of inclusions 
had been decreasing through whole process, from 0.106 /mm2 in VD to 0.073 /mm2 in HR 
samples. In steel samples after hot rolling, all inclusions were less than 10 µm, which was 
caused by deformation and crush of large inclusions during hot rolling. All inclusions except 
Al2O3 and Al2O3-MgO inclusions had been decreasing through manufacturing process. Table 
5.4 illustrates average sizes and ranges of the various inclusions, with the total number of 
inclusions detected being 285, 257 and 293, respectively. The average sizes of most inclusions, 
apart from Al2O3-CaO-SiO2 and Al2O3-MgO-CaO inclusions, decreased through the 
manufacturing process, which resulted from effective removal, deformation and crush of large-
sized inclusions. For steel samples of VD, the average size of Al2O3-CaO inclusions is 8.7 μm 
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with maximum size being 24.3 μm. Al2O3-SiO2-MnO inclusions of 22.7 μm presented in steel 
samples of VD. The average sizes of Al2O3-CaO-SiO2 and Al2O3-MgO-CaO inclusions 
increased in steel samples from VD to TD, which came from physical coalescence between 
different inclusions, as discussed in following sections.  
 
Figure 5.4 Number density of the different inclusions through manufacturing process: (a) Al2O3-CaO; (b) 
Al2O3; (c) Al2O3-SiO2; (d) Al2O3-MgO; (e) Al2O3-CaO-SiO2; (f) Al2O3-MgO-CaO; (g) Al2O3-SiO2-MnO. 
Table 5.4 Average size and size ranges of the inclusions through the manufacturing process. 
  Size ranges/μm 
  
Total 
number  
Al2O3- 
CaO 
Al2O3 
Al2O3-
SiO2 
Al2O3-
MgO 
Al2O3-
CaO-SiO2 
Al2O3-MgO 
-CaO 
Al2O3-
SiO2 
-MnO 
VD 285 
8.7 
(2.1-24.3) 
6.4 
(2.2-15.1) 
5.6 
(2.5-12.4) 
4.5 
(3.0-10.3) 
6.6 
(2.1-22.0) 
5.3 
(3.1-6.1) 
8.8 
(2.3-22.7) 
TD 257 
6.6 
(2.0-16.7) 
6.1 
(2.9-13.3) 
5.1 
(4.1-6.7) 
4.8 
(2.6-9.8) 
10.9 
(3.3-16.7) 
5.8 
(2.0-10.9) 
7.5 
(5.8-11.4) 
HR 293 
5.3 
(3.1-8.9) 
4.0 
(2.2-10.0) 
3.7 
(2.7-5.4) 
2.9 
(2.4-6.3) 
5.2 
(3.9-9.6) 
3.2 
(2.7-3.9)  
4.1 
(3.1-5.5)  
 
Figure 5.5 illustrates the total number fraction of diverse inclusions with different size ranges 
in steel samples through manufacturing process.  Large numbers of those in VD samples were 
exceeding 20 μm, such as Al2O3-CaO, Al2O3-CaO-SiO2 and Al2O3-SiO2-MnO inclusions; 
those in TD samples were all less than 20 μm with almost 30 % of Al2O3-CaO-SiO2 inclusions 
between 15 and 20 μm; all those in HR samples were all less than 10 μm. 
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Figure 5.5 Number density of the different inclusions through manufacturing process: (a) VD; (b) TD; (c) HR. 
5.3.3 Formation and evolution of Al2O3-CaO-SiO2 inclusions  
Figure 5.6 presents the EPMA line analysis of typical single-phase Al2O3-CaO inclusions in 
VD and TD samples. The chemical compositions in the center were uniformly distributed 
within the inclusions. For the large Al2O3-CaO inclusions, as shown in Figure 5.6(a), the Al2O3 
and CaO was higher than other constituents, remaining constant at 46.5 and 41.6 % across 
inclusions (Figure 5.6(b)); however, for the small Al2O3-CaO inclusions, as illustrated in 
Figure 5.6(c), the Al2O3 content remained constant at 63.2 % across the inclusions, which was 
much higher than CaO content of near 20.0 %.  
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Figure 5.6 Typical Al2O3-CaO inclusions with different sizes: (a) morphology of large inclusion; (b) elemental 
line analysis by electron probe microanalysis; (c) morphology of small inclusion; (d) elemental line analysis by 
electron probe microanalysis. 
The corresponding relationship between chemical compositions and dimensions of Al2O3-CaO 
inclusions are shown in Figure 5.7. For inclusions exceeding 10 μm, which aggravate fatigue 
and fracture of spring steel, the mass contents of Al2O3 and CaO were nearly stable at 50% and 
35% respectively, and the mass ratios of X(𝐴𝑙2𝑂3)/X(𝐶𝑎𝑂)  are independent of inclusions 
dimensions; however, for inclusions less than 10 μm, obvious inversely-correlated 
concentration gradients of Al2O3 and CaO were observed with inclusion sizes increase. The 
correlation between chemical compositions and dimensions was related to mutual coalescences 
between Al2O3-CaO and Al2O3 inclusions, as elucidated in the following sections. The collision 
morphology of Al2O3 and Al2O3-CaO inclusions was illustrated in Figure 5.8. 
    
Figure 5.7 Corresponding relation between diameter and composition for Al2O3-CaO inclusions: (a) major 
chemical composition and inclusion size; (b)𝑋(𝐴𝑙2𝑂3)/𝑋(𝐶𝑎𝑂) and inclusion size. 
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Figure 5.8 Collision of Al2O3 and Al2O3-CaO inclusions: (a) morphology of collision morphology; (b) element 
line analysis by electron microanalysis. 
Based on the determined chemical compositions, mechanisms of formation of Al2O3 and 
Al2O3-SiO2 inclusions was proposed as follows. After the addition of ferroaluminium alloys, 
the dissolved [Si] and [Al] rapidly reacted with [O] in the steel, contributing to the formation 
of Al2O3 and Al2O3-SiO2 inclusions, as illustrated in Eq. [44] and [2]. During refining process, 
oxygen concentrations in the local area of molten steel might be relatively high. Therefore, the 
[Al] and [Si] in the molten steel would reacted with [O] and form Al2O3–SiO2 inclusions in the 
molten steel, which corresponded to the observed Al2O3–SiO2 steel samples. Figure 5.9 
illustrates chemical compositions of Al2O3-CaO inclusions shown on Al2O3-CaO-SiO2 pseudo-
ternary phase diagrams at fixed MgO content. [37] The Al2O3-CaO-SiO2 inclusions in VD and 
TD were primarily located near the melilite area with liquidus temperature less than 1550 ºC, 
which had close composition with the refining slag. Those were considered to have originated 
from entrapped slag particles. This is in accordance with the larger average sizes of Al2O3-
CaO-SiO2 inclusions compared with other inclusions. The Al2O3-CaO inclusions in VD and 
TD were mainly distributed around the spinel area. Those are anticipated to come from Al2O3-
CaO-SiO2 inclusions, the SiO2 of which are mostly reduced by [Al], as shown in Eq. [3]. The 
mass ratio of Al2O3-CaO-SiO2 and molten steel was estimated to be 3.77 ×10
-6 based on the 
inclusions number density as well as density of inclusions and matrix. Utilizing the analyzed 
inclusions and steel compositions and estimated mass ratio, we calculated the reaction products 
compositions with FactSage 7.0, indicating Al2O3-CaO phases would be formed in steel, which 
was in accordance with Eq. [3]. 
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 [𝐴𝑙] + [𝑂] →  𝐴𝑙2𝑂3(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠);                                          
[44] 
 [𝐴𝑙] + [𝑆𝑖] + [𝑂] →  𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠);                   [2] 
𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2 − 𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝐴𝑙] →  𝐴𝑙2𝑂3 − 𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖].                        [3] 
Provided the oxygen which reacted with Al to form Al2O3 in the Al2O3-CaO inclusions was 
assumed to partially have been associated with Si in the form SiO2, the CaO content should 
remained stable before and after the reactions. The compositions of the Al2O3-CaO inclusions 
were shown on Al2O3-CaO-SiO2 pseudo-ternary phase diagrams at fixed MgO content. 
[37] 
Since the measured MgO% contents covered a minor range around 5 mass%, Al2O3-CaO-SiO2 
pseudo-ternary phase diagrams at fixed MgO content were utilized. As shown in Figure 5.9, 
the CaO contents of Al2O3-CaO-SiO2 inclusions are in accordance with that of Al2O3-CaO 
inclusions exceeding 10 μm. The Al2O3-CaO-SiO2 inclusions in VD and TD were all located 
in the melilite primary phase field with liquidus temperatures near 1500 °C. The Al2O3-CaO-
SiO2 inclusions in HR contained higher Al2O3 and most located in the spinel primary phase 
field with liquidus temperature exceeding 1600 °C. For Al2O3-CaO inclusions exceeding 10 
μm, the increased Al2O3 concentrations by collision with small Al2O3 inclusions were 
unnoticeable. Those exceeding 10 μm were scattered in the spinel area, with liquidus 
temperatures below 1600 ℃; however, for those less than 10 μm with liquidus temperatures 
above 1600 ℃, coalescence with Al2O3 and insufficient modification of Al2O3-CaO-SiO2 
inclusions reduced by dissolved [Al] exerted enormous influence of elevated Al2O3 contents. 
This explained why the Al2O3-CaO inclusions less than 5 μm tend to have higher Al2O3 and 
lower CaO content. Parts of Al2O3 inclusions were modified by slag to form Al2O3-CaO-SiO2 
inclusions with relatively low melting point. As shown in Figure 5.9, the compositions of 
Al2O3-CaO-SiO2 inclusions were similar to that of slag compositions, indicating that they 
originated from entrapped slag particles. CaO contents of Al2O3-CaO-SiO2 inclusions are in 
accordance with that of Al2O3-CaO inclusions exceeding 10 μm, indicating Al2O3-CaO 
inclusions originated from modified entrapped slag particles. This supplied convincing 
evidence that Al2O3-CaO inclusions originated from Al2O3-CaO-SiO2 inclusions partially 
reduced by [Al]. 
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Figure 5.9 Compositions of Al2O3-CaO-SiO2 inclusions on Al2O3-CaO-SiO2 pseudo-ternary phase diagrams at 
fixed MgO (adapted from [37]): (a) VD (MgO =3.0 %–6.2 %); (b) TD (MgO = 2.6 %–7.6 %); (c) HR (MgO 
=2.5 %–5.8 %). 
As shown in Figure 5.10, the average size of Al2O3-CaO inclusions decreased constantly from 
8.7 μm in VD to 5.3 μm in HR, which was related to effective removal of inclusions exceeding 
10 μm through refining process (Figure 5.10(c)); however, the Al2O3 contents of those have 
been increasing consistently from 55.4 % in VD to 73.1 % in HR. The variation of chemical 
composition and average sizes of Al2O3-CaO inclusions through refining process resulted from 
elimination of inclusions exceeding 10 μm and coalescence with Al2O3 inclusions. Al2O3 
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inclusions formed by deoxidization during refining collided with Al2O3-CaO inclusions, 
therefore obviously increasing the Al2O3 contents, which was especially apparent for small 
inclusions.  
  
Figure 5.10 Chemical composition and average size of Al2O3-CaO inclusions through manufacturing process. 
5.3.4 Formation and evolution of Al2O3-MgO-CaO inclusions  
Chemical compositions of Al2O3-MgO, Al2O3-CaO and Al2O3-MgO-CaO inclusions were 
projected into Al2O3-MgO-CaO ternary system, as shown in Figure 5.11. Al2O3-CaO 
inclusions originated from entrapped slag particles reduced by [Al]. During the whole 
manufacturing process, the average size of Al2O3-MgO-CaO inclusions was larger than that of 
Al2O3-MgO while less than that of Al2O3-CaO inclusions.  After drawing a line connecting 
chemical composition ranges of Al2O3-MgO and Al2O3-CaO inclusions, Al2O3-MgO-CaO 
inclusions were distributed along the line; therefore, Al2O3-MgO-CaO inclusions resulted from 
coalescence between Al2O3-CaO and Al2O3-MgO inclusions. 
   109 
 
 
 
 
Figure 5.11 Al2O3-MgO-CaO inclusion compositions showing on Al2O3-MgO-CaO phase diagram (adapted 
from [37]). 
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5.3.5 Thermodynamics for the precipitation of inclusions 
In the VD and TD samples, most Al2O3-MgO-CaO inclusions were in spherical shapes with 
sizes mostly less than 10.0 μm (Figure 5.2). Most of those had uniform compositions through 
inclusions while small numbers of them were characterized by dual-phased structures, as 
illustrated in Figure 5.12(a). EPMA line analysing of typical dual-phase Al2O3-MgO-CaO 
inclusions is illustrated in Figure 5.12(b). According to the analyzed composition, the mole 
ratio of Al2O3/MgO of the solid phases is around 1, indicating they were spinel precipitation. 
The grey parts corresponded to glass phases while black parts belonged fell into spinel phases. 
Chemical compositions of two phases of inclusions were projected into the Al2O3-MgO-CaO 
phase diagram (Figure 5.12(c)). The liquidus temperature of glass phases were below 1600 ºC. 
After drawing a tie line for the chemical compositions of two phases, liquidus temperature of 
inclusions compositions before precipitation were above 1600 ºC; therefore, those dual-phase 
inclusions were semiliquid through the whole manufacturing process.  
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Figure 5.12 Dual-phase Al2O3-MgO-CaO inclusion: (a) morphology; (b) elemental line analysis by electron 
probe microanalysis; (c) Composition shown on Al2O3-MgO-CaO phase diagram (adapted from [37]). 
Dual-phased Al2O3-SiO2-MnO inclusions were observed through manufacturing process, as 
shown in Figure 5.13. Elemental line analysis by electron probe microanalysis was conducted 
to collect concentrations gradients along inclusions. The liquidus temperature of the liquid 
phases was around 1300 ºC, which contributed to easy deformation after crystallization and 
was not very detrimental for spring steel properties. The solid phases were mainly composed 
of Al2O3 and MnO, with liquidus temperature higher than 1800 ºC. The analyzed results differ 
from previous reports, in which SiO2 tended to precipitate from MnO-SiO2-Al2O3 liquid 
inclusions (40MnO–48SiO2–12Al2O3) with temperature decrease to 1375 °C. [45]  
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Figure 5.13 Dual-phase Al2O3-SiO2-MnO inclusion: (a) morphology; (b) elemental line analysis by electron 
probe microanalysis; (c) composition shown on Al2O3-SiO2-MnO phase diagram (adapted from [37]). 
The equilibrium crystalline components were identified during solidification process from 
1600 to 800 ºC using FactSage 7.0[46], based on average compositions of various types of 
inclusions, as shown in Figure 5.14. For Al2O3-MgO-CaO inclusions in Figure 5.14(a), the 
liquidus temperatures were higher than 1600 ºC and spinel precipitated in the inclusions when 
temperatures decreased. This is in accordance with our line analysis results, which showed 
spinel precipitations in inclusions (Figure 5.12). For the precipitated phases of Al2O3-SiO2-
MnO inclusions shown Figure 5.14(b), Al6Si2O13 phases firstly precipitated in inclusions when 
temperature decreased to 1400 ºC. When temperature was decreased to 1200 ºC, Mn3Al2Si3O12 
and Mn2Al4Si5O18 phases with low comparable hardness and a lower melting point, would 
precipitate with temperature decrease from 1200 ºC. This is different from observed inclusions 
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compositions (Figure 5.13) because average compositions were characterized by lower MnO 
and higher Al2O3 contents.  
 
 
Figure 5.14 Equilibrium precipitation phases of the inclusions during solidification based on the average 
inclusion composition: (a) Al2O3-MgO-CaO; (b) Al2O3-SiO2-MnO. 
Figure 5.15 illustrates the mechanism of formation of inclusions through refining process. Two 
primary procedures are included, as shown in following parts:  
Step 1: Additions of ferroaluminum alloys (containing less than 1% Si) and the refining slag 
components (CaO, SiO2, Al2O3, and MgO) were added into the ladle during EAF tapping.  
Dissolved [Si] and [47] in molten steel as well as [Al] from alloys rapidly reacted with [O] in 
the steel, therefore producing Al2O3, Al2O3-SiO2, spinel and Al2O3-SiO2-MnO inclusions, as 
shown in Eq. [44], [2], [4] and [5]. With the proceeding of the refining process, the added 
ferroaluminum would strongly increase the content of acid-soluble Al in liquid steel. Therefore, 
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the content of Al2O3 in inclusions would be increased owing to the chemical reactions between 
inclusions and molten steel. Emulsified refining slags were entrapped into steel and formed 
exogenous Al2O3-CaO-SiO2 inclusions. Because [Al] reacts much more strongly than [Si] with 
oxygen, SiO2 in the inclusions was further reduced by [Al] in the steel, therefore increasing the 
Al2O3 content of the Al2O3-CaO-SiO2 inclusions and even fully transforming those into Al2O3-
CaO inclusions (Eq. [3]).  
          [𝐴𝑙] + [𝑀𝑔] + [𝑂] →  𝐴𝑙2𝑂3 −𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠);                                      [4] 
 [𝐴𝑙] + [𝑆𝑖] + [𝑀𝑛] + [𝑂] →  𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2 −𝑀𝑛𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠);                [5] 
Step 2: The coalescence between Al2O3-MgO and Al2O3-CaO inclusions contributed to 
formation of Al2O3-MgO-CaO inclusions. Spinel phases would precipitate inside these 
inclusions during solidification, covered by the glass phases around inclusions. Solid phases 
would form inside Al2O3-SiO2-MnO inclusions with temperature decrease. 
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Figure 5.15 Schematic diagram of formation mechanism of inclusions: (a) entrapment + Al-reduction; (b) 
coalescence + precipitation. 
5.4 Conclusions 
The morphology and compositions of inclusions in spring steel deoxidized by Al were 
investigated through manufacturing process. The following conclusions were summarized: 
1. Inclusions were classified into seven types, Al2O3, Al2O3-CaO, Al2O3-SiO2, Al2O3-MgO, 
Al2O3-MgO-CaO, Al2O3-SiO2-MnO and Al2O3-CaO-SiO2 inclusions. Al2O3-CaO inclusions 
were dominant inclusions in VD and TD samples. For inclusions in HR, Al2O3 and spinel 
represented the major portions of the inclusions in the spring samples. In addition to Al2O3-
CaO-SiO2 and Al2O3-MgO-CaO inclusions, average sizes of other inclusions had been 
decreasing through manufacturing process. All inclusions in HR samples were less than 10 μm.  
2. Dissolved [Mg], [Si] and [Al] rapidly reacted with [O] in the steel, forming Al2O3, Al2O3-
SiO2, Al2O3-SiO2-MnO and Al2O3-MgO inclusions. Al2O3-CaO-SiO2 inclusions originated 
from entrapped slag particles. Al2O3-CaO inclusions resulted from Al2O3-CaO-SiO2 inclusions, 
the SiO2 of which were mostly reduced by [Al]. Al2O3-MgO-CaO inclusions were formed by 
coalescence between Al2O3-MgO and Al2O3-CaO inclusions.  
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3. Dual-phased Al2O3-MgO-CaO inclusions were semiliquid through the whole manufacturing 
process, which spinel phases precipitated. For Al2O3-SiO2-MnO inclusions, solid phases 
started to precipitate below 1400 ºC. 
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Chapter 6 Effect of different refractories materials on non-
metallic inclusions characteristics in Si-deoxidized spring steel 
This Chapter has been prepared as a manuscript draft ready for submission. 
 
Chapter abstract: Silicon deoxidization is widely utilized for production of high-strength and 
medium-carbon steel; however, the generation of non-metallic inclusions, which severely 
affects mechanical properties, is closely related to refractory materials. To investigate the 
influence of refractories on the evolution of inclusions, three types of refractories (MgO, Al2O3 
and CaAl12O19) were utilized to explore the formation and characteristics of non-metallic 
inclusions with electron probe X-ray micro-analysis on laboratory scale. MgO and CaAl12O19 
refractory obviously reduced number density and average sizes of inclusions. CaO-SiO2-MgO 
and SiO2 inclusions were newly-formed in steel with MgO refractory. While Al2O3 refractory 
had negative effects on inclusions control owing to widespread presence of Al2O3-SiO2-CaO 
inclusions, which resulted from CaO-SiO2 reduced by Al dissolved in the steel.  
 
Keywords: Inclusions; evolution mechanism; refractory; silicon deoxidization;  
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6.1 Introduction 
The steel mechanical properties, e.g., fatigue resistance, surface defects and tensile strength, 
are strongly influenced by non-metallic inclusions in the steel. [1-3] For Si-deoxidized steel, 
Al2O3-SiO2-CaO, CaO-SiO2 and Al2O3-SiO2 inclusions are frequently observed. [4, 5] Al2O3-
SiO2 inclusions are irregular with low deformation capacity, which greatly undermine the 
mechanical properties of steel. [6] Al2O3-SiO2-CaO and CaO-SiO2 inclusions are spherical and 
closely related to entrapped slag particles, which are sometimes considered harmful for steel. 
[7-9] During steelmaking process, various reactions between steel and refractories would occur, 
which obviously reduce refractory service life, generate quantities of macro-inclusions and 
transforming above mentioned inclusions. [10, 11] In addition, proper selection of refractories is 
crucial for pyrometallurgical productions, which is related to prolonged continuous production 
time and improved steel properties. [12, 13] Because of higher standards of steel cleanliness 
requirements, influence of different refractories on inclusions formation deserves further 
research in the metallurgical industry.  
Previous research had laid emphasis on two commonly utilized refractories in steel: alumina-
based refractories (mostly utilized for blast furnace operations) and magnesia-based 
refractories (mainly used in steelmaking process). Large amounts of researchers have 
investigated the effects of magnesia-based refractories on inclusions. Deng et al. [14] found 
MgO refractory had obvious effect on inclusions, which was depended on dissolved oxygen 
activity in molten steel. Brabie [15] found oxide inclusions in Al-deoxidized steel with MgO-C 
refractory. Brabie also [16] observed some finest inclusions resulted from magnesium diffusion 
from MgO crucible into molten steel. Deng et al. [17] found MgO in the refractory may be 
reduced by Al in molten steel, generating Al2O3 and spinel inclusions. For alumina-based 
refractories, Chi et al. [18] confirmed Al2O3 refractory had limited influence on inclusions in Al-
killed steel.  Deng et al. [14] concluded alumina refractory had little effect on Al2O3, spinel and 
MgO inclusions in Al-deoxidized steel. Kong et al. [19] found MgO refractory could react with 
molten steel, producing (Mn, Mg)O-Al2O3 spinel at the boundary of the refractory. However, 
these studies primarily focused on inclusions in Al-deoxidized steel, while the effects of 
magnesia-based refractories on inclusions in Si-killed steel were rarely reported. In addition, a 
new dense calcium hexaluminate (CA6) refractory, which were characterized with low thermal 
conductivity and thermal expansion coefficient, [20, 21] was introduced to compare the impacts 
of various refractories on inclusions, which have rarely been reported before.   
Therefore, to explore the reaction behaviours between silicon-deoxidized steel and different 
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refractories (Al2O3, MgO and CA6) at steelmaking temperature, several laboratory experiments 
were conducted, based on which the influence of different refractories on inclusions evolutions 
was also investigated.  
6.2 Experimental 
6.2.1 Materials and experimental procedure   
Three types of refractories, viz. Al2O3, MgO and CA6 (mole ratio: 1:6), were utilized in this 
work, which were made from chemical reagents of all Al2O3 (99.99 wt%, Alfa Aesar), MgO 
(99.5 wt%, Sigma-Aldrich) and CaCO3 (purity 99.99 pct, Sigma). Al2O3 and MgO crucibles 
were supplied from local Australian company. The manufacturing details of CA6 materials 
were described by Schanbel et al [22].The experiments were conducted in vertical electric tube 
furnace heated by lanthanum chromite elements under ultrahigh purity argon gas, as shown in 
Figure 6.1. The experimental conditions for each experiment are listed in Table 6.1. The 
chemical compositions of refining slag were given in Table 6.2. Fe2O3 pellets and Si particles 
were placed at the bottom of crucibles, which added oxygen content in steel and serviced as 
deoxidization agents. 15 g medium-carbon steel, which mainly consisted of 0.55% carbon, 
1.5% Si, 0.7% Mn and 0.7% Cr, was placed into crucibles, covered with slag pellets. After 
flushing with argon gas for 30 min, the crucibles were raised and kept in the hot zone of the 
furnace. Heating temperature was slowly rising from 1000 ºC to 1550 ºC by manual setting. 
The crucibles were hold at 1550 ºC for different time. At the end of each experiment, samples 
were quenched in water. The temperature of the furnace was controlled within 2 °C and overall 
temperature uncertainty is ± 3 °C.  
 
Figure 6.1 Schematic diagram of the vertical electric tube furnace. 
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Table 6.1 Classification of inclusion types based on the chemical composition. 
No. Steel/g Fe2O3/g 
Slag
/ g 
Si/g Crucible 
Time 
/ min 
Temp/℃ Atmosphere Quenching 
M1 15  0.05 3 0.02 MgO 30 1550 Ar Water 
M2 15  0.05 3 0.02 MgO 60 1550 Ar Water 
M3 15 0.05 3 0.02 MgO 90 1550 Ar Water 
M4 15 0.05 3 0.02 MgO 120 1550 Ar Water 
A1 15 0.05 3 0.02 Al2O3 30 1550 Ar Water 
A2 15 0.05 3 0.02 Al2O3 60 1550 Ar Water 
A3 15 0.05 3 0.02 Al2O3 90 1550 Ar Water 
CA6 15 0.05 3 0.02 CA6 120 1550 Ar Water 
 
Table 6.2 Chemical compositions of refining slag (wt%). 
CaO SiO
2
 Al
2
O
3
 MgO 
45 45 5 5 
 
6.2.2 Inclusions analysis  
The quenched steel samples were mounted and polished for electron probe X-ray microanalysis 
(EPMA). The analysis was conducted by a JXA 8200 Electron Probe Micro-analyzer with 
wavelength dispersive detectors at an accelerating voltage of 15 kV and a probe current of 15 
nA. The standards used for analysis were from Charles M. Taylor Co. (Stanford, California): 
FeS2 for S, rutile (TiO2) for Ti, chromite (FeCrO₄) for Cr, spessartine (Mn3Al2Si3O12) for Mn, 
Fe2O3 for Fe, CaSiO3 for Ca and Si, Spinel for Al and Mg. The ZAF correction procedure 
supplied with the electron-probe was applied. It should be noted that only the elemental 
concentrations can be measured by EPMA. The average accuracy of the EPMA measurements 
is within 1% of the elemental concentration. The oxides were recalculated from the elemental 
concentrations. Therefore, the accuracy of the oxide components was 1% of their 
concentrations. Longitudinal sections of the steel samples were mounted with epoxy resin, 
which were then mechanically polished with diamond pasters after grinding with silicon 
carbide papers. Steel and slag samples were carefully analyzed with EPMA. Mirror-polished 
surfaces of the steel specimens, which is about 2.0 cm2, were thoroughly scanned line-by-line 
by EPMA manually to ensure all inclusions exceeding 1.0 μm were included. Each sample had 
been analyzed many times to ensure sufficient data of inclusions was obtained. The EPMA 
operating parameters were listed as follows: accelerating voltage of 15 kV, probe current of 15 
nA, probe diameter of zero, peak measuring time of 30 s, background position of ± 5μm and 
background measuring time of 10 seconds. EDS was used to select non-metallic inclusions in 
steel.  
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6.3 Results and discussion 
6.3.1 Classification of inclusions 
According to analyzed chemical compositions, the inclusions observed in steel were classified 
into eight types for different refractories, as illustrated in Table 6.3: (a), CaO-SiO2, Al2O3-
SiO2-CaO, CaO-SiO2-MgO, SiO2, SiO2-MgO, Al2O3-SiO2-MgO and Al2O3-SiO2 in steel with 
MgO refractories; (b) CaO-SiO2, Al2O3-SiO2 and Al2O3-SiO2-CaO inclusions in steel with 
Al2O3 refractories; (c) Al2O3-SiO2, Al2O3-SiO2-CaO and Al2O3-SiO2-MnO inclusions in CA6 
refractories.  
Table 6.3 Classification of inclusion types based on chemical composition. 
 Inclusion Composition, wt/% 
Al2O3 SiO2 CaO MgO MnO 
CaO-SiO2 <10 >40 >40 >10 <5 
Al2O3-SiO2-CaO >20 >20 >20 <10 <5 
CaO-SiO2-MgO <10 >20 >20 >20 <5 
Al2O3-SiO2 >40 >10 <5 <5 <5 
SiO2 <2 >90 <2 <2 <5 
SiO2-MgO <10 >30 <10 >30 <5 
Al2O3-SiO2-MgO >35 >15 <10 >25 <5 
Al2O3-SiO2-MnO >35 >25 <5 <5 >10 
6.3.2 MgO refractory 
Figure 6.2 illustrated representative morphologies of inclusions in steel samples with MgO 
crucibles. The average sizes and size ranges of inclusions were shown in Table 6.4. For 
simplification, MgO was not included as a major component, although it was as high as 15 
mass% in the CaO-SiO2 inclusions in steel samples. The maximum acting length was defined 
as the greatest value of observed inclusions. [23] CaO-SiO2, Al2O3-SiO2-CaO and Al2O3-SiO2 
inclusions existed in the steel samples before the experiments. After 30 minutes of reaction, 
CaO-SiO2-MgO, SiO2, SiO2-MgO and Al2O3-SiO2-MgO inclusions were newly formed in steel. 
Al2O3-SiO2-MgO and Al2O3-SiO2 inclusions usually existed as single-particle with sharp edges, 
indicating they were completely solid phase during experiments； while others near-spherical 
shapes, as shown in Figure 6.2. After 120 minutes of reaction, four types of inclusions (CaO-
SiO2, Al2O3-SiO2-CaO, CaO-SiO2-MgO and SiO2) were detected in steel with MgO 
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refractories, which was different from results of previous studies where only calcium aluminate 
and (Mn, Mg)O·Al2O3 inclusions were detected in steel utilizing MgO refractories 
[19].   
 
Figure 6.2 Representative morphologies of inclusions with MgO refractory. 
Table 6.4 Average size and size ranges of different inclusions. 
 
Average size/μm 
CaO-SiO2 Al2O3-SiO2-CaO 
CaO-SiO2-
MgO 
SiO2 SiO2-MgO 
Al2O3-
SiO2-MgO 
Al2O3-
SiO2 
T0 
4.6 
(3.4-7.9) 
5.8 
(2.7-14.4) 
        
6.0 
(3.0-10.8) 
M1 
7.6 
(3.5-12.8) 
6.4 
(3.3-15.0) 
3.5 
(2.3-10.1) 
4.5 
(2.3-7.5) 
7.5 
(4.9-10.7) 
7.2 
(5.2-13.6) 
4.2 
(3.6-8.1) 
M2 
8.3 
(2.8-16.4) 
5.1 
(2.3-12.4) 
3.1 
(2.1-6.5) 
4.1 
(2.2-5.5) 
5.5 
(5.1-6.8) 
    
M3 
8.8 
(2.9-15.7) 
2.7 
(2.1-3.6) 
2.5 
(2.1-3.2) 
3.9 
(2.3-9.9) 
      
M4 
5.1 
(2.3-12.4) 
2.2 
(2.0-3.2) 
2.4 
(1.6-4.2) 
3.7 
(3.3-4.9) 
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The number density of the various types of inclusions through the manufacturing process is 
shown in Figure 6.3. Primary inclusions in steel samples before the experiments were Al2O3-
SiO2-CaO and Al2O3-SiO2 inclusions, the total number density of which were 0.45 and 0.30 
/mm2; After 30 minutes of reaction, CaO-SiO2, Al2O3-SiO2-CaO and CaO-SiO2-MgO 
inclusions dominated in steel samples. CaO-SiO2-MgO inclusions originated from reduction 
of CaO-SiO2 inclusions by [Mg] from corroded MgO refractories as elucidated in the following 
sections. All inclusions in steel after 30 minutes reaction were less than 15 μm. The number 
density of CaO-SiO2 inclusions increased to 0.20/mm
2, with some inclusions larger than 10 μm 
observed in steel samples, which came from entrapped slag particles [5, 24]; however, that of 
Al2O3-SiO2-CaO and Al2O3-SiO2 inclusions decreased after 30 minutes reaction, which was 
related to effective inclusions removal by floating upwards into refining slag. Pure silicon 
particles were added into steel for deoxidization. The dissolved [Si] quickly reacted with [O] 
in the steel, leading to the rapid formation of SiO2 inclusions in the molten steel, as shown in 
Eq. [25]. Because [Mg] reacts much more strongly than [Si] with oxygen, SiO2 and CaO-SiO2 
inclusions were transformed into SiO2-MgO and CaO-SiO2-MgO inclusions, as given in Eq. 
[2] and [3]. Similarly, the SiO2 of Al2O3-SiO2 inclusions were reduced by [Mg] from MgO 
refractories, contributing to formation of Al2O3-SiO2-MgO inclusions, as given in Eq. [4]. The 
SiO2 in the inclusions could be reduced by [Al] in the steel, therefore increasing the Al2O3 
content inside inclusions.  
[𝑆𝑖] + [𝑂] →  𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠)                    [25] 
[𝑀𝑔] + 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) →  𝑆𝑖𝑂2 −𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖]                               [2] 
[𝑀𝑔] + 𝐶𝑎𝑂 − 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) →  𝐶𝑎𝑂 − 𝑆𝑖𝑂2 −𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖]                   [3] 
[𝑀𝑔] + 𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) →  𝐴𝑙2𝑂3 − 𝑆𝑖𝑂2 −𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖]                 [4] 
 
Figure 6.3 Number density of different types of inclusions in steel with MgO refractories: a, CaO-SiO2; b, 
Al2O3-SiO2-CaO; c, CaO-SiO2-MgO; d, SiO2; e, SiO2-MgO; f, Al2O3-SiO2-MgO; g, Al2O3-SiO2. 
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Figure 6.4 illustrates the total number fraction of various inclusions in steel samples with 
different reaction time utilizing MgO refractories. Those in steel before experiments had 
narrow range between 5 and 10 μm, with only 3.6 pct of Al2O3-SiO2-CaO inclusions larger 
than 10 μm. After 30 minutes of reaction, large numbers of inclusions were exceeding 10 μm, 
such as CaO-SiO2, Al2O3-SiO2-MgO and SiO2-MgO inclusions; inclusions larger than 10 μm 
were gradually removed and all inclusions in steel samples after 120 minutes of reaction were 
less than 10 μm.  
   
 
Figure 6.4 Total number fraction of various inclusions in steel with MgO refractories: (a) T0; (b) M1; (c) M2; 
(d) M3; (e) M4. 
Figure 6.5 illustrates compositions of various inclusions on phase diagram. The CaO-SiO2 
inclusions in steel before experiments were located in the pyroxene and β-CaO·SiO2 area with 
liquidus temperature around 1300 ºC. Because the CaO/SiO2 ratios of these inclusions were 
similar to that of refining slag, they probably originated from entrapped slag particles. 
According to our previous findings, Al2O3-SiO2-CaO inclusions either came from coalescence 
between CaO-SiO2 and Al2O3-SiO2 inclusions or CaO-SiO2 inclusions reduced by Al dissolved 
in the steel. [26] After 30 minutes of reaction, number density of Al2O3-SiO2-CaO was decreased 
owing to floating upwards into refining slags (Figure 6.3). Large amount of CaO-SiO2-MgO 
inclusions originated from SiO2 reduction in the inclusion by dissolved Mg in the steel. Wang 
et al. [27] concluded CaO-SiO2-(MgO) system inclusions originated from entrapped slag 
particles. This explanation does not fully agree with our findings because CaO-SiO2-MgO 
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inclusions were classified into two types. Type 1 inclusions had high SiO2 contents and were 
mainly located in the cristobalite area with liquidus temperature around 1600 ºC, which were 
anticipated to originate from coalescence between CaO-SiO2 and SiO2-MgO inclusions, as 
shown in Eq. [5]. With drawing a line connecting the composition ranges of CaO-SiO2 and 
SiO2-MgO inclusions, it was obvious CaO-SiO2-MgO inclusions were distributed around this 
line. Hence, it is reasonable that CaO-SiO2-MgO inclusions came from coalescence products 
of SiO2-MgO inclusions and entrapped slag particles.  
𝑆𝑖𝑂2 −𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + 𝐶𝑎𝑂 − 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠)
𝐶𝑜𝑎𝑙𝑒𝑠𝑐𝑒𝑛𝑐𝑒
→          𝐶𝑎𝑂 − 𝑆𝑖𝑂2 −𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠)    [5] 
Type 2 were characterized by high CaO content, which were primarily distributed in the 
2CaO·MgO·SiO2 area with liquidus temperature less than 1600 ºC. Similarly, after drawing a 
line connecting refining slag and MgO, CaO-SiO2-MgO inclusions of type 2 were distributed 
around this line. Therefore, type 2 inclusions were anticipated to originate from entrapped slag 
particles partially reduced by [Mg], as shown in Eq. [3].  
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Figure 6.5 Compositions of different inclusions shown on CaO-SiO2-MgO and Al2O3-CaO-SiO2 pseudo-ternary 
phase diagrams at fixed MgO (adapted from [28]): (a) T0 (MgO = 3.4%–7.6 %); (b) M1; (c) M2; (d) M3; (e) 
M4. 
6.3.3 Al2O3 refractory 
Table 6.5 presented the typical morphologies and size ranges of Al2O3-SiO2-CaO inclusions. 
It is obvious that these inclusions were spherical with different reaction time, indicating they 
remained liquidus in molten steel during the whole experiments. After 30 minutes of reaction, 
the average inclusion size decreased from 5.5 to 2.4 μm, which were caused by effective 
removal of inclusions larger than 5.0 μm. With reaction going on, the average size remained 
stable.  
Table 6.5 Morphologies and size ranges of Al2O3-SiO2-CaO inclusions. 
 T0 A1 A2 A3 
Morphology 
    
Size/μm 
5.5 
(2.7-11.1) 
2.4 
(1.3-4.8) 
2.2 
(1.3-3.8) 
2.2 
(1.3-3.5) 
Figure 6.6 illustrated the compositions of the Al2O3-SiO2-CaO inclusions shown on Al2O3-
SiO2-CaO phase diagram [28]. The Al2O3-SiO2-CaO inclusions in steel samples after 30 and 60 
minutes of reaction were primarily located in the anorthite phase field with liquidus 
temperatures less than 1600 ºC. After 90 minutes of reaction, the Al2O3 contents of inclusions 
increased gradually, which is related to the [Al] reduction of inclusions caused by Al2O3 
refractories corrosion during reactions. They were mainly located in corundum area with 
liquidus temperature higher than 1600 ºC. It is apparent the CaO content of CaO-SiO2 
4.1μm 3.4μm 3.1μm 3.0μm 
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inclusions was similar to that of the Al2O3-SiO2-CaO inclusions. It is anticipated that part of 
the newly formed Al2O3-SiO2-CaO inclusions originated from CaO-SiO2 reduced by dissolved 
Al in steel. SiO2 in the CaO-SiO2 inclusions could be reduced by [Al] in the steel, therefore 
increasing the Al2O3 content of CaO-SiO2 inclusions, as shown in Eq. [6]. Since CaO in the 
inclusions was too stable to be reduced by [Al], the CaO would remain stable during the 
reactions. This has been verified by the CaO content of CaO-SiO2 inclusions being similar to 
that of Al2O3-SiO2-CaO inclusions. As shown in Figure 6.6(b), after 30 minutes of reaction, 
large amounts of inclusions larger than 5 μm were removed and most of remained inclusions 
were less than 5 μm. The apparent number density increase in steel samples after 30 minutes 
of reaction originated from CaO-SiO2 reduced by dissolved Al in steel. With the reaction going 
on, inclusions gradually got removed and number density were reduced.  
[𝐴𝑙] + 𝐶𝑎𝑂 − 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) →  𝐴𝑙2𝑂3 − 𝐶𝑎𝑂 − 𝑆𝑖𝑂2(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑆𝑖]                    [6] 
   
Figure 6.6 Composition and number density of different inclusions with Al2O3 refractory: (a) composition 
distribution of different inclusions shown on Al2O3 -SiO2-CaO phase diagram [28]; (b) number density: a, CaO-
SiO2; b, Al2O3-SiO2; c, Al2O3-SiO2-CaO. 
6.3.4 Comparison  
Table 6.6 compared the average size and size ranges of the different inclusions. The total 
analyzed number of inclusions in four steel samples, irrespective of the analyzed area, are also 
listed in the table. Al2O3-SiO2-CaO and Al2O3-SiO2 inclusions larger than 10 μm were detected 
in steel. The average sizes of different inclusions in three samples after experiments were all 
less than 5.0 μm, which was attributed to most inclusions being less than 5.0 μm.  
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Table 6.6 Size ranges of various inclusions with different inclusions. 
  
Size ranges/μm 
Total 
number 
Al2O3-SiO2-
CaO 
CaO-SiO2 
Al2O3-
SiO2 
CaO-SiO2-
MgO 
SiO2 
Al2O3-SiO2-
MnO 
T0 156 
5.8 
(2.7-14.4) 
4.6 
(3.4-7.9) 
6.0 
(3.0-10.8) 
      
MgO 93 
2.2 
(2.0-3.2) 
5.1 
(2.3-12.4) 
  
2.4 
(1.6-4.2) 
3.7 
(3.3-
4.1) 
  
Al2O3  88 
2.2 
(1.3-3.5) 
          
CA6  56 
2.4 
(2.0-3.0) 
  
2.0 
(1.7-2.1) 
    
2.2 
(1.7-2.4) 
Typical inclusions morphologies in four steel samples are shown in Figure 6.7. In addition to 
the SiO2 inclusions in steel samples of M4, the shape of other inclusions were spherical, and it 
indicated that these kept liquid in molten steel within 1600 ºC. Al2O3-SiO2-CaO inclusions 
were all detected with different refractories. Krajnc et al. [29] proposed Al2O3-SiO2-CaO 
inclusions originated from complex deoxidation by [Si], [Al] and [30] in steel.  
 
Figure 6.7 Representative morphologies of inclusions with MgO refractory. 
The various inclusions composition in the steel samples with different refractories was 
projected into phase diagram of Al2O3-SiO2-CaO-MgO-MnO, as shown in Figure 6.8 (a). The 
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Al2O3-SiO2-MnO inclusions in steel with CA6 refractories were distributed in the mullite 
primary phase field with liquidus temperatures around 1600 ºC. The Al2O3-SiO2-CaO 
inclusions were located in the spinel area with liquidus temperature higher than 1600 ºC. The 
liquidus tempertures of Al2O3-SiO2 inclusions in steel were higher than 1600 ºC. The total 
number density of different inclusions were the lowest compared with that of other refractories, 
as shown in Figure 6.8 (b). For MgO refractories, most inclusions in steel had liquidus 
temperature less than 1600 ºC. Large amounts of three types of inclusions between 5–10 μm 
were observed in steel, some of which were even larger than 10 μm. Slag entrappment and 
reduction by dissolved Mg contrinuted to the increased number density of CaO-SiO2 and CaO-
SiO2-MgO inclusions. For inclusions in steel with MgO refractories, SiO2 were solid phase 
with liquidus temperature higher than 1800 ºC. The total number density of inclusions in steel 
samples with Al2O3 refractories was the highest compared with other refractories.  
Figure 6.8 Composition and number density of different inclusions: (a) composition distribution of different 
inclusions with three types of refractories; (b) number density: a, Al2O3-SiO2-CaO; b, CaO-SiO2; c, Al2O3-SiO2; 
d, CaO-SiO2-MgO; e, SiO2; f, Al2O3-SiO2-MnO. 
6.4 Conclusions 
The investigation on inclusions characteristics and evolution in Si-deoxidized spring steel was 
conducted utilizing MgO, Al2O3 and calcium hexaluminate (CA6) refractories materials. The 
effects of refractories materials inclusions morphologies, chemical composition and densities 
were explored. The results obtained are as followed:  
1. For various refractories materials, the average inclusion size and number density decreased 
with the increased reaction time, owing to the inclusions flotation upwards into the molten slag. 
2. For MgO refractories, the deoxidization products of SiO2 could be reduced by dissolved 
[Mg] from corroded crucibles and form the SiO2-MgO inclusions. Similarly, SiO2 inside the 
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Al2O3-SiO2 and CaO-SiO2 inclusions could also be reduced by [Mg] from refractories and form 
the CaO-SiO2-MgO and Al2O3-SiO2-MgO inclusions respectively. 
3. For Al2O3 refractories, the primary inclusions inside steel was Al2O3-SiO2-CaO inclusions. 
After 30 minutes of reaction, the SiO2 and MgO content decreased dramatically with the 
increase of Al2O3 content inside inclusions, which is related to the reduction by [Al] from 
refractories.   
4. For calcium hexaluminate (CA6) refractories, only Al2O3-SiO2-CaO, Al2O3-SiO2 and Al2O3-
SiO2-MnO inclusions were observed inside steel. The inclusions number density and average 
size utilizing CA6 refractories is the lowest among three refractories.  
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Chapter 7 Laboratory study on evolution mechanism of non-
metallic inclusions in Al-deoxidized spring steel 
This Chapter has been prepared as a manuscript draft ready for submission. 
 
Chapter abstract: To explore the effect of refractory on the evolution of inclusions, laboratory 
experiments were conducted with MgO refractories utilizing electron probe X-ray micro-
analysis. Based on primary inclusions components, six types of inclusions were observed in 
steel with MgO refractory: Al2O3, Al2O3-MgO, Al2O3-CaO, Al2O3-MgO-CaO, Al2O3-SiO2-
CaO and MgO inclusions. Al2O3 and Al2O3-MgO inclusions were the primary inclusions and 
mainly attributed to deoxidization products, with liquidus temperature exceeding 1600 °C. 
Al2O3-MgO-CaO inclusions resulted from coalescence between MgO and Al2O3-CaO 
inclusions as well as reduction of Al2O3-CaO by dissolved Mg. Dual-phase Al2O3-MgO-CaO 
inclusions were characterized by pure MgO cores surrounded by liquidus Al2O3-CaO layer, 
which was related to the substitution of dissolved Ca and Al in molten steel for MgO in 
inclusions.  
 
Keywords: Inclusions; Evolution mechanism; Refractory; Aluminium deoxidization;  
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7.1 Introduction 
During the manufacturing of Al-deoxidized steel, alumina-rich inclusions are frequently 
observed as a result of the reaction among the deoxidization product, refining slag and 
dissolved elements. [1-4] Coalescence and collision of irregular Al2O3 particles would result in 
inclusions aggregation and growth, forming alumina clusters in steel, which can significantly 
reduce the fatigue resistance and aggravate surface defects. [5-7]  Non-deformable spinel 
inclusions with liquidus temperature higher than 1550 ºC, are detrimental to physical properties 
and formability of steel. [8, 9] Aluminate and spinel inclusions can be transformed into liquid 
Al2O3-CaO inclusions through calcium modification, the clogging issue is eliminated. 
Therefore, inclusions ought to be carefully controlled for the steelmaking industry. [10, 11]  
Many previous research have been conducted to explore formation and evolution of inclusions 
during refining process utilizing MgO refractories. [12-15] Beskow et al. [16] found that spinel 
phase presented in the carbon-bearing MgO glazed refractory. Pierard et al. [17] concluded 
reduction of MgO by carbon in refractory bricks would result in a porous layer on the surface 
of the refractory lining. Lee [18] observed some portions of MgO-C slag line refractory bricks 
were reduced to manganese by aluminium and dissolved in steel. The previous studies lacked 
agreement regarding inclusions types in Al-deoxidized steel with MgO crucibles. Kong et al. 
[19] observed calcium aluminate, (Mn, Mg)O·Al2O3 spinel and the combination of these two 
types of inclusions in steel samples after 120 minutes of reaction. Liu et al. [20] only found 
spinel inclusions for MgO refractory Mg dissolution and refractory-metal equilibrium 
experiment, the average MgO concentration of which had been rising with increased reaction 
time. They concluded refractory played a crucial role on spinel generation. Okuyama et al. [21] 
found Al2O3 and spinel inclusions, indicating MgO concentration of the inclusions was not 
affected by the MgO crucible. Deng et al. [22] discovered Al2O3, spinel and CaO-Al2O3 
inclusions in steel samples with MgO refractory deoxidized by Al. Liu et al. [23] proposed 
(Al2O3)inclusion +[Mg] is the primary reason of MgO·Al2O3 spinel generation in steel deoxidized 
by aluminium with MgO refractory. Chi et al. [24] observed Al2O3, spinel, calcium aluminate 
and the combination of these inclusions in Al-killed steel with MgO refractory.  In addition, 
previous research regarding the reaction between refractories and inclusions mainly focused 
on the phase generation and transformation between liquid steel and refractory with different 
reactions time. In fact, the effects of MgO refractories on the inclusions characteristics and 
evolution with different reaction time have rarely been compared, thus a systematic 
investigation are needed. Therefore, several laboratory experiments were conducted, based on 
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which the influence MgO refractories on inclusions evolutions was also investigated.  
7.2 Experimental 
MgO refractories were utilized in this work, which were supplied from local Australian 
company. The experiments were conducted in vertical electric tube furnace heated by 
lanthanum chromite elements under ultrahigh purity argon gas, as shown in Figure 7.1. The 
experimental conditions for each experiment are listed in Table 7.1. The chemical 
compositions of refining slag were given in Table 7.2. To prepare the refining slag, appropriate 
portions of analytical reagent Al2O3, SiO2, CaO and MgO was manually mixed for 15 minutes 
and pressed into pellets. Fe2O3 pellets and Si particles were placed at the bottom of crucibles, 
which added oxygen content in steel and serviced as deoxidization agents. 15 g medium-carbon 
steel, which mainly consisted of 0.55% carbon, 1.5% Si, 0.7% Mn and 0.7% Cr, was placed 
into crucibles, covered with slag pellets. After flushing with argon gas for 30 minutes, the 
crucibles were raised and kept in the hot zone of the furnace.  Heating temperature was rising 
from 1000 ºC to 1550 ºC by manual setting. When the heating temperature arrived at 1550 ºC, 
this time was set as the the beginning of the experiments. After predetermined time of reaction, 
the liquid steel was quenched in the water immediately. The solid column of steel was cut 
longitudinally and mounted in resin. After grinding and polishing of steel sample, inclusions 
in steel were detected with electron probe X-ray microanalysis (EPMA), the operational details 
of which were identical with that in the previous study. [25] 
 
Figure 7.1 Schematic diagram of the vertical electric tube furnace. 
Table 7.1 Classification of inclusion types based on the chemical composition. 
No. Steel/g Fe2O3/g Slag/ g Si/g Crucible 
Time / 
min 
Temp/
℃ 
Atmosphere Quenching 
M1 15 g 0.05 3 0.017 MgO 30 1550 Ar Water 
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M2 15 g 0.05 3 0.017 MgO 60 1550 Ar Water 
M3 15g 0.05 3 0.017 MgO 90 1550 Ar Water 
M4 15 g 0.05 3 0.017 MgO 120 1550 Ar Water 
 
Table 7.2 Chemical compositions of refining slag (wt%). 
CaO SiO
2
 Al
2
O
3
 MgO 
45 5 45 5 
7.3 Results and discussion 
7.3.1 Classification of inclusions 
According to analyzed chemical compositions, the inclusions observed in steel were classified 
into six types utilizing MgO refractories, Al2O3, Al2O3-SiO2-MgO, Al2O3-CaO, Al2O3-MgO-
CaO, Al2O3-SiO2-CaO and MgO, as illustrated in Table 7.3. The observed primary inclusions 
in were different from analyzed results of Li et al.[26], where CaO-Al2O3 and MgO-Al2O3 
inclusions were primary inclusions after 25 minutes refining utilizing Al2O3 and MgO 
refractories respectively.  
Table 7.3 Classification of inclusion types based on chemical composition. 
 Inclusion Composition, wt/% 
Al2O3 SiO2 CaO MgO MnO 
Al2O3 >90 <3 <3 <3 <3 
Al2O3-MgO >75 <5 <5 >10 <5 
Al2O3-CaO >45 <10 >10 <5 <5 
Al2O3-MgO-CaO >35 <5 >35 >10 <5 
Al2O3-SiO2-CaO >25 >30 >20 <15 <5 
MgO <3 <3 <3 >90 <3 
 
7.3.2 Evolution mechanism of inclusions 
The representative morphologies of non-metallic inclusions in steel samples with MgO 
refractories were shown in Figure 7.2. The average sizes and size ranges of inclusions were 
shown in Table 7.4. The total numbers of inclusions detected in steel with different reaction 
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time were 89, 129, 105 and 100 respectively. The maximum acting length was defined as the 
greatest value of observed inclusions. [27] The average size of newly-formed Al2O3-MgO-CaO 
and MgO inclusions were larger than other types of inclusions after 30 minutes’ reaction, owing 
to the formation of inclusions larger 10 µm at initial reactions.  With the reaction time increase, 
the average sizes decreased gradually, which was caused by effective removal of inclusions 
larger than 10 µm. It is obvious the shapes of Al2O3, Al2O3-MgO and MgO inclusions were 
irregular, and it indicated they remained solid in molten steel during the whole experiment. The 
Al2O3, Al2O3-MgO, Al2O3-CaO and Al2O3-SiO2-CaO inclusions were original inclusions in 
steel before experiments. Al2O3-MgO-CaO and MgO inclusions were newly formed through 
the experiments. Al2O3-CaO inclusions were usually observed near the interface between slag 
layer and steel, which is related to slag particles entrapment or Al reduction in molten steel, as 
illustrated in our previous paper [25].  
In addition, dual-phase Al2O3-MgO-CaO inclusions were also observed in steel samples after 
30 minutes’ reaction, as illustrated in Figure 7.3. Then these inclusions gradually disappeared 
after 60 minutes’ reaction. This is different from previous research results where MgO-based 
CaO-MgO-Al2O3 inclusions were still detected in steel after 90 minutes’ reaction [28]. After 
30’s minutes reaction, the original large Al2O3 and Al2O3-MgO inclusions (larger than 10μm) 
in steel were removed into refining slag, contributing to the obvious average size decrease. 
Owing to refractories corrosion, large quantities of MgO inclusions were formed in steel with 
different reaction time, some of which were even larger than 10 μm. The majority of Al2O3-
MgO-CaO inclusions had spherical shapes with uniform chemical compositions along 
inclusions. Small parts of them less than 10 µm in steel after 30 minutes’ reaction were dual-
phase structures with solid MgO core, as shown in Figure 7.3(a).  Figure 7.3(b) illustrated the 
EPMA line analysis results of dual-phase Al2O3-MgO-CaO inclusions. The outside grey parts 
were Al2O3-CaO phases while the black core were pure MgO solid phases. Figure 7.3(c) 
showed the chemical compositions of glass and solid phases on the Al2O3-MgO-CaO phase 
diagram. The glass phases had liquidus temperature being around 1550ºC, indicating 
thermodynamic equilibrium between glass and MgO phases might contribute to the formation 
of dual-phase inclusions. However, this proposal was excluded since these dual-phase 
inclusions were only observed after 30 minutes’ reaction. Concentration peaks of Al2O3 and 
CaO superposed with each other on the inclusions edges, which compensated with MgO-
focused area. These dual-phase Al2O3-MgO-CaO inclusions were anticipated to originate from 
MgO inclusions reduced by dissolved Al and Ca in steel, which transformed the morphologies 
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of solid inclusions from rectangular or blocky into spherical shapes, as illustrated in the 
following sections.  
 
Figure 7.2 Representative morphologies of inclusions with MgO refractory. 
 
 
Figure 7.3 Dual-phase Al2O3-MgO-CaO inclusion: (a) morphology; (b) elemental line analysis by electron 
probe microanalysis; (c) composition shown on Al2O3-MgO-CaO phase diagram (adapted from [29]). 
 
 
 
A
C 
ACM 
M 
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Table 7.4 Average size and size ranges of different inclusions in steel utilizing MgO refractories. 
 
Average size/μm 
Number Al2O3 
Al2O3-
MgO 
Al2O3-CaO 
Al2O3-
MgO-CaO 
Al2O3-
SiO2-CaO 
MgO 
T0 293 
4.0 
(2.2-10.0) 
3.9 
(2.4-13.3) 
5.3 
(2.8-8.9) 
 
5.2 
(2.2-9.6) 
 
M1 89 
2.5 
(2.0-2.8) 
3.5 
(2.5-7.7) 
5.6 
(2.1-6.3) 
7.1 
(3.3-13.5) 
4.4 
(2.4-7.8) 
6.9 
(2.9-10.2) 
M2 129 
2.7 
(2.5-2.8) 
3.2 
(2.7-3.9) 
4.7 
(2.5-5.9) 
5.5 
(2.3-9.4) 
3.9 
(2.3-6.5) 
3.4 
(1.7-9.4) 
M3 105 
2.8 
(2.1-4.0) 
2.9 
(2.1-3.6) 
3.7 
(2.9-5.4) 
4.8 
(2.6-7.3) 
3.4 
(2.8-5.2) 
3.1 
(2.1-4.5) 
M4 100 
2.5 
(2.0-3.5) 
2.6 
(2.1-4.4) 
3.2 
(2.2-3.5) 
3.7 
(3.8-6.5) 
2.1 
(2.6-4.9) 
2.8 
(2.1-4.7) 
Figure 7.4 illustrated the number density of different inclusions through the whole reaction 
process. Primary inclusions in steel samples before experiments were Al2O3, Al2O3-SiO2-CaO 
and Al2O3-MgO inclusions, total number density of which being 0.64, 0.39 and 0.34/mm
2 
respectively. After 30 minutes of reaction, MgO-contained inclusions dominated in steel 
samples, including MgO, Al2O3-MgO-CaO and Al2O3-MgO inclusions, the total number 
density being 1.44, 0.32 and 0.29 /mm2. Some MgO inclusions were even larger than 10 µm. 
This is closely related to the corrosion and dissolution of MgO refractories. From 30 to 60 
minutes, the total number density of other types of inclusions had been decreasing, owing to 
the effective removal by flotation. The number density increase of Al2O3-CaO inclusions was 
caused by slag entrapment, since large amounts of them were observed at slag/metal interface. 
Previous research concluded calcium aluminate inclusions originated from entrapped slag 
particles. [10, 30, 31]  
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Figure 7.4 Number density of various inclusions in steel with MgO refractories: a, Al2O3; b, Al2O3-SiO2-CaO; 
c, Al2O3-CaO; d, Al2O3-MgO; e, MgO; f, Al2O3-MgO-CaO. 
Total number fraction of inclusions with different sizes along the whole experiments with MgO 
refractories were shown in Figure 7.5. Before the experiment, only small amounts of Al2O3-
MgO inclusions were larger than 10 µm. After 30 minutes’ reaction, more than 10 pct of Al2O3-
MgO-CaO inclusions was larger than 10 µm. With reaction time increasing from 0 to 60 
minutes, the total number density of Al2O3-SiO2-CaO and Al2O3-CaO inclusions had been 
rising. After 120 minutes’ reaction, Al2O3-SiO2-CaO inclusions larger than 5 µm were still 
observed in steel samples.  
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Figure 7.5 Total number fraction of various inclusions in steel with MgO refractories: (a) T0; (b) M1; (c) M2; 
(d) M3; (e) M4. 
The chemical compositions of inclusions before and after experiments were illustrated in 
Figure 7.6. Before the experiments, most inclusions had high Al2O3 contents. Al2O3-SiO2-CaO 
inclusions were mainly located in the spinel area with liquidus temperature less than 1600 ºC. 
After 30 minutes’ reaction, large amounts of Al2O3-CaO, Al2O3-MgO-CaO, MgO and Al2O3-
SiO2-CaO inclusions were newly formed. MgO inclusions with large sizes were frequently 
observed in steel and some of them were even larger than 10 µm. They probably came from 
MgO refractories corrosion [32-34]. The Al2O3-CaO inclusions in steel after 30 minutes’ reaction 
were located around the CA and C12A7 area with liquidus temperature less than 1600 ºC, which 
was similar to that of refining slag. Therefore, it is reasonable to conclude they originated from 
entrapped slag particles. Since most Al2O3-MgO-CaO and MgO inclusions in present research 
were within 5~10 µm and some were even larger than 10 µm, it is possible for the coalescence 
of Al2O3-MgO-CaO and MgO inclusions with other types of inclusions. Since electric 
resistance furnaces were utilized in experiments, inclusions removal mainly originated from 
flotation as no stirring happened during experiments. If line was drawn to connect the 
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distribution areas of Al2O3-CaO and MgO inclusions, it was obvious that most Al2O3-MgO-
CaO inclusions were concentrated along the line. In addition, the steel samples were 
immediately solidified after each experiment by quenching and MgO-based dual-phase Al2O3-
MgO-CaO inclusions were still observed at 30 minutes. We could excluded the possibility that 
Al2O3-MgO-CaO inclusions came from the precipitation of MgO within Al2O3-CaO matrix 
during solidifying. Therefore, it is reasonable to propose large Al2O3-MgO-CaO inclusions 
were formed by the coalescence between MgO and entrapped slag particles, as shown in Eqs. 
[35].  
𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + 𝐴𝑙2𝑂3 − 𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠)
𝐶𝑜𝑎𝑙𝑒𝑠𝑐𝑒𝑛𝑐𝑒
→         𝐴𝑙2𝑂3 −𝑀𝑔𝑂 − 𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠)   [35] 
 
   
 
Figure 7.6 Compositions of different inclusions shown on CaO-SiO2-MgO and Al2O3-CaO-SiO2 pseudo-ternary 
phase diagrams at fixed MgO (adapted from [29]): (a) T0; (b) M1; (c) M2; (d) M3; (e) M4. 
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Figure 7.7 illustrated formation and evolution mechanism of Al2O3-MgO-CaO inclusions for 
the experiment. During deoxidization with Al, dissolved aluminium content increased 
obviously and large amounts of Al2O3 clusters were quickly formed. Most were removed by 
floating upwards into refining slag while the rest remained in molten steel with extreme low 
dissolved oxygen contents. With progress of steel/refractories, Mg was reduced from 
refractories by dissolved Al, as shown in Eqs. [2]. Pure MgO particles were also generated 
owing to refractories corrosion. Meanwhile, MgO and CaO in high-basicity slag could be 
simultaneously reduced by dissolved Al, therefore supplying [Mg] and [Ca] into the molten 
steel, as shown in Eqs. [3] and [4]. [36-38] [Mg] concentration gradients probably existed in steel 
after these reaction since no stirring was utilized for experiments, which contributed to the 
formation of MgO inclusions, as shown in Eqs. [5]. MgO inclusions were not stable with Al-
deoxidization, they were firstly reduced by [Al], forming a thin layer of Al2O3-MgO covering 
MgO. If there was trace amount of [Ca] in steel, Al2O3-MgO layer could be transformed into 
Al2O3-MgO-CaO, as shown in Eqs. [6], forming the dual-phase structures. MgO contents of 
inclusions would decrease until inclusions were fully transformed into Al2O3-CaO inclusions.  
 𝑀𝑔𝑂(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦⁡) + [𝐴𝑙]
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
→        𝐴𝑙2𝑂3(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠) + [𝑀𝑔]                         [2] 
𝑀𝑔𝑂(𝑠𝑙𝑎𝑔) + [𝐴𝑙]
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
→        𝐴𝑙2𝑂3(𝑠𝑙𝑎𝑔) + [𝑀𝑔]                              [3] 
                        𝐶𝑎𝑂(𝑠𝑙𝑎𝑔) + [𝐴𝑙]
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
→        𝐴𝑙2𝑂3(𝑠𝑙𝑎𝑔) + [𝐶𝑎]                              [4] 
    [𝑀𝑔] + [𝑂] →  𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛) + [𝐶𝑎]                              [5] 
   𝑀𝑔𝑂 − 𝐴𝑙2𝑂3(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛) + [𝐶𝑎]
𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
→        𝐴𝑙2𝑂3 −𝑀𝑔𝑂 − 𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛) + [𝑀𝑔]        [6] 
Previous research of unreacted shrinking core model was mainly utilized to describe the 
transformation of spinel or Al2O3 inclusions into calcium aluminate, in which the reactions 
started at the outer surface of inclusions and Al2O3-MgO-CaO product layer boundary moves 
into the solid particle [39-41], less attention was paid to solid MgO inclusions. Jiang et al. [28] 
proposed MgO inclusions were modified by the routine of MgO→ MgO-Al2O3→CaO-MgO-
Al2O3. This is applicable for our findings since pure solid MgO inclusions surrounded by 
Al2O3-MgO outer layer were not observed in steel. Based on previous research and experiments 
results of this work, the evolution model of MgO inclusions into Al2O3-MgO-CaO system was 
illustrated in Figure 7.8, and the detail of this model is described as follows: 
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1) Al and Ca atom diffused from the bulk into MgO/steel interface. Reaction of Ca and Al into 
Ca2+ and Al3+ happened at steel/inclusion interface, as shown in Eqs. [7] and [8].  
[𝐶𝑎] =  𝐶𝑎2+ + 2𝑒−                                                            [7] 
[𝐴𝑙] =  𝐴𝑙3+ + 3𝑒−                                                              [8] 
 
2) Ca2+ and Al3+ diffused thorough the intermediate layer with enuimolar vacancies to the 
opposite direction. Reaction between MgO, Ca2+ and Al3+ happened on inclusions surface, 
contributing the formation of a thin outside layer of Al2O3-MgO-CaO, as shown in Eqs. [9]. 
The liquidus temperature of is Al2O3-MgO-CaO lower than molten steel temperature. Mg
2+ 
would diffuse from inclusions into molten steel.  
𝑀𝑔𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛) + 𝐶𝑎
2+ + 𝐴𝑙3+ →  𝐴𝑙2𝑂3 −𝑀𝑔𝑂 − 𝐶𝑎𝑂(𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛) +𝑀𝑔
2+        [9] 
3) Ca2+ and Al3+ diffused thorough the newly formed Al2O3-MgO-CaO layer and arrived at the 
interface between MgO and Al2O3-MgO-CaO layer. The reaction rate was gradually 
decreased with thickness increase of Al2O3-MgO-CaO layer. Since the diffusion coefficients 
of CaO and MgO in liquid phase were higher than that in solid phases, the diffusion of MgO 
outwards and the diffusion of CaO inwards were accelerated by concentration gradients. As 
the reaction continued, for newly formed Al2O3-MgO-CaO outer surface, CaO content 
increased and MgO contents decreased. As a result, the outside layer of the inclusions would 
be probably transferred into CaO·Al2O3, CaO·Al2O3, 12CaO·7Al2O3 etc, which had low 
liquidus temperature and transformed angular morphologies into spherical shapes. The 
reaction between Al2O3-CaO and Al2O3-MgO-CaO layers was expressed as Eq. [10].  The 
product of MgO is quickly diffused to outer of inclusion and reduced into dissolved Mg. As 
the reaction went on, the MgO core became smaller and smaller. The MgO content of 
inclusions decreased continuously. If the reaction time is long enough, dual-phase inclusions 
would be transformed into Al2O3-MgO-CaO system inclusions or even Al2O3-CaO system 
inclusions.  
Ca2+ + Al2O3 −MgO − CaO(inclusion) = Al2O3 − CaO(inclusion) +𝑀𝑔
2+                 [10] 
Since diffusion of Ca2+, Al3+ and Mg2+ in solid MgO, Al2O3-CaO and Al2O3-MgO-CaO 
phases was much slower than that in molten steel, the reaction limited steps for the 
transformation were diffusion of Ca2+, Al3+ and Mg2+ in inclusions. In addition, the diffusion 
coefficients of Mg and Ca were much lower than that of Al. It is acknowledged the diffusion 
of Ca2+ and Mg2+ in different phases of inclusions was the velocity controlled step for 
inclusions evolutions.  
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Figure 7.7 Illustration of evolution of Al2O3-MgO-CaO inclusions during steel/slag reaction. 
 
Figure 7.8 Schematic illustration of evolution of MgO into Al2O3-MgO-CaO inclusions. 
 
7.4 Conclusions 
The investigation on inclusions characteristics and evolution in Al-deoxidized spring steel was 
conducted utilizing MgO refractories. Based on the experiment results and analysis, the 
following conclusions were obtained:  
[1] MgO-contained inclusions dominated with different reaction time, including MgO, Al2O3-
MgO-CaO and Al2O3-MgO inclusions, which was mainly caused by the dissolution and 
corrosion of MgO refractories. 
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[2] Large single-phase Al2O3-MgO-CaO inclusions were formed by the coalescence between 
MgO and entrapped slag particles. Dual-phase Al2O3-MgO-CaO inclusions were anticipated to 
originate from MgO inclusions reduced by dissolved Al and Ca in steel. 
[3] The evolution of inclusion was probably controlled by diffusion of Ca2+, Mg2+ and Al3+ 
in inclusion. Since diffusion speed of Mg2+ and Ca2+ were the lower than that of Al3+. The 
diffusion of Mg2+ and Ca2+ either in solid inclusion core or in the newly formed CaO-Al2O3 
outer layer would be the limited steps during inclusion transferring. 
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Chapter 8 Application of phase equilibrium studies of CaO-SiO2-
Al2O3-MgO system for oxide inclusions in Si-deoxidized spring 
steels  
This Chapter has been prepared as a manuscript draft ready for submission. 
 
Chapter abstract: In the steelmaking process, the compositions of the oxide inclusions are 
closely related to the refining slag. The chemistries of the oxide inclusions and refining slags 
can be described by the system of CaO-SiO2-Al2O3-MgO. Phase equilibria and liquidus 
temperatures in this system have been experimentally investigated in the composition and 
temperature ranges related to the oxide inclusions and refining slags by means of high-
temperature equilibration, quenching and electron probe X-ray microanalysis. Isotherms in the 
interval of 20 °C between 1260 and 1560 °C were determined in the primary phase fields of 
wollastonite, anorthite, spinel, and melilite. Effects of the mass ratio of 
(Al2O3+SiO2)/((Al2O3+SiO2) + (CaO+SiO2)) and MgO content on the liquidus temperatures 
have been discussed to assist inclusion control. To decrease the liquidus temperature of Al2O3-
SiO2-CaO-MgO system inclusions, refining time and deoxidation production amounts ought to 
be reduced.  
 
Keywords: Phase equilibria, liquidus temperature, FactSage prediction, inclusion 
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8.1 Introduction 
The ladle furnace (LF) or ladle metallurgical furnace (LMF) process achieved widespread 
usage in the secondary steelmaking process, especially for alloying, de-sulfurization, de-
oxidation, and reheating of spring steel. [1-3] However, the present LF process has been facing 
some major challenges such as improved cleanliness requirements, which is mainly responsible 
for fatigue resistance and service performance of spring steel. [4-6] To enhance steel cleanliness, 
slag refining is extensively utilized owing to a noticeable role in deoxidation, inclusion 
absorption, and formation. [7-9] To achieve low oxygen content and desirable inclusions, the 
physicochemical properties, and chemistry of refining slags, such as the liquidus temperature 
and phase equilibrium, ought to be optimized. [10, 11] The refining slag compositions based on 
Al2O3-SiO2-CaO-MgO quaternary system had been investigated from previous studies. 
[12-14] 
However, the isotherm interval of 100 °C in these studies failed to achieve proper operation 
and control of LF refining. Meanwhile, inaccuracy of isotherm distribution was indicated by 
the dashed lines present on these phase diagram.[12] Also, the X-ray examination and 
petrographic microscope utilized in previous research could not determine the compositions of 
the solid solution accurately, which contributed to the significant differences of phase diagrams 
of Al2O3-SiO2-CaO-MgO system compared with recent studies 
[15-17]. Therefore, convincing 
phase equilibrium data are essential for industrial operations.   
As reported in our previous research, some of the Al2O3-SiO2-CaO-(MgO) inclusions in Si-
deoxidized spring steel originated from coalescence between Al2O3-SiO2-(MgO-CaO) and 
CaO-SiO2-(Al2O3-MgO) inclusions.
[18] The line on the pseudo-ternary phase diagram 
connecting the average compositions of the two types of inclusions indicated the composition 
distribution area of Al2O3-SiO2-CaO inclusions formed by coalescence at fixed MgO content, 
around which noticeable difference of liquidus temperature and equilibrium phases were 
observed between FactSage calculations and previous experimental results. [14] The pseudo-
ternary system of Al2O3-SiO2-CaO-MgO with basicity of 1.1, 1.3, and 1.5 have been 
investigated in the previous study. [17, 19, 20] For comparison with previous experimental data by 
Ma et al. [17, 19] and Covalier et al. [21], predictions of FactSage 7.3 are illustrated in Figure 8.1. 
Despite similar overall trend between FactSage predictions and experimental results, obvious 
differences in the system of Al2O3-SiO2-CaO were observed between previous experimental 
results by Cavalier et al. [21], Ma et al. [17, 19] and FactSage predictions. Moreover, it should be 
noted that the gap between the predictions and experimentally determined liquidus temperature 
is greater with Al2O3 contents being around 30%. To be specific, liquidus temperature of 
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Al2O3-SiO2-CaO inclusions with Al2O3 contents less than 30% was around 1350 °C according 
to experimental results of Cavalier et al [21], compared with that determined by FactSage 
calculations being lower than 1300 °C. Differences of liquidus temperature were also observed 
between Cavalier et al. [21] and Ma et al. [17, 19].   
 
Figure 8.1 Pseudo-ternary section Al2O3-SiO2-CaO-5%MgO. 
8.2 Experimental 
8.2.1 Selection of pseudo-binaries system 
The proper selection of pseudo-binaries sections in the multi-component system is important 
for industrial applications. In this study, based on the average compositions of the CaO-SiO2 
and Al2O3-SiO2 inclusions, two compositions were selected to represent the refining slag and 
deoxidation products respectively, which were characterized by a mass ratio of 
X(𝐶𝑎𝑂)
X(𝑆𝑖𝑂2)
= 1 and 
X(𝐴𝑙2𝑂3)
X(𝑆𝑖𝑂2)
= 1.5, shown as the black points in Figure 8.2. The target phase diagram parts are 
presented as three parallel dashed line, which connected these black points, in the form of 
pseudo-binaries (CaO+SiO2)-(Al2O3+SiO2) at fixed MgO concentration. The mass ratio of 
CaO/SiO2 is 1.0 and Al2O3/SiO2 is 1.5 at fixed MgO contents of 5 and 10 wt%.  
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Figure 8.2 Pseudo-binary (CaO+SiO2)-(Al2O3+SiO2) with CaO/SiO2 = 1 and Al2O3/SiO2= 1.5 at fixed MgO in 
the CaO-SiO2-Al2O3-MgO system. 
8.2.2 Experimental procedure  
High-temperature equilibrium, quenching, and electron probe X-ray microanalysis (EPMA) 
were the primary experimental methods for this study. The raw materials for mixture 
preparation were powders of Al2O3 (99.5 wt%, Sigma-Aldrich Pty. Ltd), SiO2 (99.9 wt%, 
Sigma-Aldrich Pty. Ltd), CaCO3 (≥99.0 wt%, Sigma-Aldrich Pty. Ltd) and MgO (99.95 wt%, 
Alfa Aesar Pty. Ltd). The master slags (CaO+SiO2) and (Al2O3+SiO2) were prepared from the 
mixture of CaCO3, MgO and SiO2 with the mass ratio of CaO/SiO2=1.0 and Al2O3/SiO2=1.5 
respectively. The master slags of (CaO+SiO2) and (Al2O3+SiO2) was heated at 1600 ºC for 60 
minutes for composition homogenization. All chemicals were dried at 1273 K (1000 °C) for 
24 hours to remove moisture or CO2. These dried oxide powders together with the master slag 
were mixed at required amounts thoroughly in an agate mortar to prepare the final mixtures. 
Approximately 0.2 g pelletized mixture was used for each experiment. The equilibration 
experiment was carried out in a vertical reaction furnace, similar to those used in the previous 
studies. [17, 19, 20, 22] The schematic diagram of the furnace is illustrated in Figure 8.3. Graphite 
crucibles (inner diameter: 8 mm and height: 10 mm) were utilized to hold pelletized mixtures 
(about 0.2g) and then suspended by platinum wire (0.5 mm diameter). The graphite crucible 
with the mixture was introduced from the bottom of the reaction tube, which was then placed 
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in the hot zone with even temperature within the furnace tube. After sealing the system properly, 
argon gas was flushed through the furnace to avoid oxidization of the crucible. To promote 
homogenization and melting of the mixture samples, the furnace was heated to 30 °C above 
the desired temperature for 30 minutes. Then, the temperature was lowered to the desired 
temperature and kept for a time sufficient to achieve equilibrium. The equilibration usually 
took from 2 to 12 hours, depending on the mixture composition and temperature. The 
temperature of the furnace was controlled within 2 °C, and overall temperature uncertainty is 
± 3 °C. At the end of each experiment, the platinum wire was pulled up, and then the sample 
was quenched directly into the ice-cooled water in order to maintain the phase relationships at 
the target temperature. After mounting, grinding and polishing, the quenched samples were 
analyzed by electron probe X-ray microanalysis (EPMA). A JXA-8200 Electron Probe X-ray 
Microanalyzer with Wavelength Dispersive Detectors (Japan Electron Optics Ltd) was 
employed for microstructure examination and composition analyses of all phases within each 
sample. The EPMA operating parameters included an acceleration voltage of 15 kV, probe 
current of 15 nA, probe diameter of “zero” (the smallest operating probe diameter achieved by 
the focused electron beam), peak measuring time of 30 s, background position of ± 5 μm, and 
background measuring time of 10 s. Standards used for analysis were spinel (MgO∙Al2O3) for 
Al and Mg, CaSiO3 for Ca and Si. The concentrations of CaO, SiO2, Al2O3, and MgO were 
calculated using the Dumcumb-Philibert ZAF correction method. The average accuracy of the 
EPMA measurements is within 1% of the elemental concentration.  
 
Figure 8.3 Schematic diagram of the vertical electric tube furnace. [17, 19, 20, 22] 
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8.3 Results and discussion  
8.3.1 Description of the Pseudo-binary Sections 
More than 80 equilibrium experiments regarding the phase equilibria system of (CaO+SiO2)-
(Al2O3+SiO2)-MgO have been conducted in the present study, the temperature range of which 
is from 1533 K to 1833 K (1260 °C to 1560 °C). The results obtained from those experiments 
were systematically analyzed the then plotted on the pseudo-binary phase equilibrium diagrams, 
which will be discussed in the following parts. The representative quenched morphologies 
obtained by preliminary SEM analysis of the liquid-primary phase equilibrium are shown in 
Figure 8.4 (a)-(d), including wollastonite, anorthite, melilite (solid solution between 
akermanite and gehlenite), spinel (MgO·Al2O3) In addition, equilibria of liquid-anorthite-
wollastonite and liquid-anorthite-spinel are shown in Figure 8.4 (e) and Figure 8.4 (f). The 
experimental temperatures and detected chemical compositions of liquid and solid phases are 
listed in Table 8.1. The measured compositions of the liquid and solid phases in Table 8.1 are 
the average composition values of more than ten points in the same sample. The standard 
deviation of the average phase composition is within 1 wt pct. Provided the CaO in the slag is 
assumed to have been associated with SiO2 as the master slag of CaO-SiO2, it is then possible 
to estimate how much SiO2 existed in the master slag of Al2O3-SiO2 before the high-
temperature experiments. The Al2O3/SiO2 ratio before experiments was calculated to be around 
1.5, as shown in Table 8.1, which is very close to that of the master slag of Al2O3-SiO2, 
indicating the quenched slag composition being close to experimentally-designed compositions 
despite the precipitation of new solid phases.    
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Figure 8.4 Typical microstructure of slag quenched from (a) wollastonite, (b) anorthite, (c) melilite, (d) spinel, 
(e) anorthite and wollastonite boundary, (f) spinel and anorthite boundary. 
Table 8.1 Experimental results in the system (CaO+SiO2)-(Al2O3+SiO2)-MgO. 
Experiment 
No. 
Temperature 
(°C) 
Phase 
Composition (wt%) Ratio of 
(Al2O3/SiO2) 
 
Al2O3 SiO2 CaO MgO 
Liquid 
E1 1560 Liquid 3.7 49.6 47.2 0.0 1.5 
E2 1540 Liquid 3.5 49.9 47.5 0.0 1.5 
E3 1540 Liquid 5.9 48.6 44.8 0.0 1.5 
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E4 1520 Liquid 6.1 48.3 44.4 0.0 1.5 
E5 1500 Liquid 5.9 48.7 44.8 0.0 1.5 
E6 1480 Liquid 6.0 48.9 45.0 0.0 1.5 
E7 1500 Liquid 11.9 48.1 40.1 0.0 1.5 
E8 1480 Liquid 11.8 47.6 39.6 0.0 1.5 
E9 1460 Liquid 12.1 48.4 40.2 0.0 1.4 
E10 1420 Liquid 12.0 48.0 40.0 0.0 1.5 
E11 1350 Liquid 17.9 47.0 34.9 0.0 1.5 
E12 1330 Liquid 18.1 47.3 34.9 0.1 1.5 
E13 1450 Liquid 23.1 45.8 29.8 0.0 1.5 
E14 1540 Liquid 29.5 45.0 25.3 0.0 1.5 
E15 1470 Liquid 0.0 48.3 47.4 4.7 0.0 
E16 1400 Liquid 5.7 46.7 42.8 5.2 1.5 
E17 1300 Liquid 14.1 44.9 35.7 4.6 1.5 
E18 1280 Liquid 14.2 45.0 35.8 4.8 1.5 
E19 1300 Liquid 17.0 44.4 33.1 5.0 1.5 
E20 1400 Liquid 23.3 43.6 28.3 4.9 1.5 
E21 1380 Liquid 22.6 43.9 28.5 5.0 1.5 
E22 1490 Liquid 28.3 43.1 24.1 4.7 1.5 
E23 1470 Liquid 28.3 43.2 24.2 4.7 1.5 
E24 1450 Liquid 0.0 45.1 44.8 10.1 0.0 
E25 1400 Liquid 5.4 44.1 40.5 10.1 1.5 
E26 1450 Liquid 11.3 43.6 36.0 9.4 1.47 
E27 1430 Liquid 10.8 43.7 36.1 9.6 1.4 
E28 1390 Liquid 11.8 43.7 35.8 9.5 1.4 
E29 1370 Liquid 10.9 43.3 36.0 9.5 1.5 
E30 1300 Liquid 16.3 42.5 31.6 9.6 1.5 
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E31 1380 Liquid 21.6 41.9 27.2 9.4 1.5 
E32 1360 Liquid 21.6 42.0 27.2 9.4 1.5 
E33 1340 Liquid 21.2 41.6 27.3 9.2 1.5 
E34 1320 Liquid 21.3 41.3 27.3 9.2 1.5 
E35 1300 Liquid 20.9 41.4 27.4 9.1 1.5 
E36 1285 Liquid 21.5 41.5 27.1 9.2 1.5 
E37 1450 Liquid 26.9 40.1 22.6 9.8 1.5 
E38 1520 Liquid 32.3 39.8 18.0 10.0 1.5 
Liquid with one oxide solid 
Wollastonite primary phase field 
E39 
 
1460 
Liquid 8.2 48.1 42.6 0.0 1.5 
Wollastonite 0.0 51.4 47.9 0.0  
E40 
 
1400 
Liquid 12.5 47.8 39.4 0.0 1.5 
Wollastonite 0.2 51.3 48.5 0.0  
E41 
 
1450 
Liquid 0.0 47.2 47.8 5.0 0.0 
Wollastonite 0.0 51.6 48.8 0.1  
E42 
 
1380 
Liquid 5.7 46.2 42.3 5.1 1.5 
Wollastonite 1.8 50.7 45.0 1.9  
E43 
 
1300 
Liquid 12.2 45.3 37.1 5.4 1.5 
Wollastonite 0.1 51.8 47.9 0.1  
E44 1260 
Liquid 14.2 44.7 35.3 4.9 1.5 
Wollastonite 6.8 48.5 42.0 2.3  
Anorthite primary phase field 
E45 
 
1430 
Liquid 24.1 46.3 30.1 0.0 1.5 
Anorthite 34.6 44.1 21.3 0.0  
E46 
 
1520 
Liquid 29.3 44.8 25.5 0.0 1.5 
Anorthite 32.0 44.3 23.4 0.0  
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E47 
 
1280 
Liquid 16.8 44.7 33.5 5.2 1.5 
Anorthite 36.0 43.3 20.3 0.2  
E48 
 
1360 
Liquid 22.7 43.9 28.6 5.0 1.5 
Anorthite 36.0 43.6 20.2 0.2  
E49 1450 
Liquid 29.0 43.8 23.8 4.8 1.5 
Anorthite 37.3 44.3 20.3 0.4  
E58 1240 
Liquid 18.8 41.9 29.4 4.9 1.5 
Anorthite 35.8 43.5 21.1 0.4  
Melilite primary phase field 
E50 
 
1430 
Liquid 0.0 45.5 45.2 9.9 0.0 
Melilite 0.0 43.9 41.3 14.5  
E51 
 
138 
Liquid 5.6 44.2 40.3 9.9 1.5 
Melilite 1.5 43.1 41.0 14.0  
E52 
 
1350 
Liquid 10.8 43.0 35.8 9.5 1.5 
Melilite 2.8 41.9 41.5 13.7  
E53 1280 
Liquid 16.2 42.3 31.5 9.4 1.5 
Melilite 8.8 40.7 39.1 11.5  
E59 1240 
Liquid 20.5 41.6 27.9 9.7 1.5 
Melilite 7.5 41.5 40.0 10.7  
Spinel primary phase field 
E54 
 
1430 
Liquid 26.8 40.5 22.5 9.9 1.5 
Spinel 68.8 2.3 1.0 26.5  
E55 1500 
Liquid 32.2 39.9 18.1 9.8 1.5 
Spinel 70.6 0.3 0.2 27.1  
Liquid with two oxide solids 
E56 1310 
Liquid 18.0 46.6 34.8 0.2 1.5 
Wollastonite 0.0 48.9 48.1 0.0  
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Anorthite 36.1 43.2 20.7 0.0 1.6 
E57 1260 
Liquid 21.6 42.0 26.9 9.8  
Anorthite 35.4 44.0 20.5 0.5 1.5 
Spinel 35.4 44.0 20.5 0.5  
 
8.3.2 Application of Pseudo-binary Phase for Inclusions 
Figure 8.5 (a) through (c) illustrate the liquidus temperature as a function of the mass ratio of 
(Al2O3-SiO2)/((Al2O3-SiO2)+(CaO-SiO2)) at fixed “MgO” mass pct of 0, 5 and 10 mass pct, 
respectively. The results provided a series of the simplified but convenient pseudo-binary phase 
diagrams to evaluate the effects of slag compositions on the liquidus temperature, as discussed 
in the following parts. Based on the individual experimental points in Table 8.1, the trend line 
of liquidus temperature is drawn, where the dotted line indicates the line was drawn by 
estimation of liquidus temperatures. When the Al2O3-SiO2 concentration increases, compared 
with the results obtained from previous results and predicted by FactSage calculations, the 
liquidus temperature line shifts towards right directions, as shown in Figure 8.5 (a) and (c). 
Significant differences were observed for the equilibrium solid phases with 10 mass pct of 
MgO. According to our experimental results, the lowest liquidus temperature was achieved 
when the mass ratio increased to 0.35, which was different from 0.15 of FactSage predictions 
and 2.5 of previous data from Slag Atls, where melilite and anorhtite would co-exist in slag. 
Figure 8.5 (a) and (b) illustrated the wollastonite phase was stable at lower Al2O3-SiO2 
concentrations less than 0.25, but anorthite phase became primary stable phase at higher ratio 
for 0 wt pct and 5 wt pct MgO. When the MgO content increased to 10 wt pct, other primary 
phases were observed, including melilite and spinel phases. With the increase of mass ratio of 
(Al2O3-SiO2)/((Al2O3-SiO2)+(CaO-SiO2)), the primary phases were changed as the order of 
melilite, anorthite and spinel. To be specific, in the investigated concentration ranges, there are 
wollastonite and anorthite phases at 0 and 5 wt pct while melilite, anorthite and spinel phases 
at 10 wt pct. The lowest liquidus temperatures at 5 and 10 wt pct MgO are about 50 °C lower 
than those at 0 wt pct MgO, indicating MgO concentrations in the slag should be between 5 
and 10 wt pct to maintain relatively low liquidus temperature.  
It is obvious the liquidus temperature decreases at first and then increase overall when the 
Al2O3-SiO2 concentration increases, indicating the desirable Al2O3-SiO2 concentration should 
be around 30 wt pct to achieve lower liquidus temperature. As can be seen from Figure 8.5, 
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the increasing mass ratio of (Al2O3-SiO2)/((Al2O3-SiO2)+(CaO-SiO2)) in the slags could reduce 
the liquidus temperature in the primary phase field of wollastonite and melilite, but obvious 
increasing trends in the liquidus temperature with increasing mass ratio from 0.3 in anorthite 
and spinel primary phase fields were observed. In general, the liquidus temperatures decreased 
in wollastonite and melilite phases, but increased in anorthite and spinel with an increasing 
Al2O3-SiO2 concentrations.   
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Figure 8.5 Effect of (Al2O3+SiO2) ratio on liquidus temperature at at fixed MgO: (a) 0% MgO; (b) 5% MgO; 
(c) 10% MgO. (adapted from [21, 23]) 
As shown in Figure 8.6, the chemical compositions of Al2O3-SiO2-CaO-MgO system 
inclusions were plotted on the pseudo-binary phase diagrams, accompanied by the number 
ratios of inclusions with different mass ratios of (Al2O3+SiO2). Based on experimentally-
determined liquidus temperature of the inclusions, which were represented by solid lines on 
Figure 8.6, we could roughly predict the liquidus temperatures of inclusions with (Al2O3+SiO2) 
ratios higher than 0.5 after extending liquidus temperature line towards the right on the phase 
diagram, as shown as the dashed lines in Figure 8.6. As shown in Figure 8.6(a), for the Al2O3-
SiO2-CaO system inclusions, the liquidus temperature was less than 1400 ºC until the 
(Al2O3+SiO2) ratio increased to 0.37, which accounted for almost 20.5% of these inclusions. 
For the Al2O3-SiO2-CaO-5%MgO system inclusions, the liquidus temperature was less than 
1400 ºC until the (Al2O3+SiO2) ratio increased to 0.43, the corresponding number ratio of 
which was almost 33.1%, as illustrated in Figure 8.6(b). For the Al2O3-SiO2-CaO-10%MgO 
system inclusions in Figure 8.6(c), almost 17.2% of them had liquidus temperature less than 
1400 ºC, with (Al2O3+SiO2) ratio being less than 0.46. Therefore, to decrease the liquidus 
temperature of Al2O3-SiO2-CaO-MgO system inclusions, the mass ratio of (Al2O3+SiO2) ought 
to be decreased. According to the investigation results of Kang [24, 25],the dissolution time of 
SiO2 and Al2O3 particles in CaO-Al2O3-SiO2(-MgO) slags is extended by increased slag 
viscosities and reaction time. From this viewpoint, owing to the high viscosity of current 
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inclusion system with high SiO2 contents detected in steel, it is suggested to reduce the refining 
time and the deoxidation production amounts, which could decrease the liquidus temperature 
of Al2O3-SiO2-CaO-MgO system inclusions.  
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Figure 8.6 Compositional ranges of inclusions on the experimentally-determined pseudo-binary phase diagrams 
at fixed MgO: (a) 0% MgO; (b) 5% MgO; (c) 10% MgO. 
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8.4 Conclusions 
The phase equilibria and liquidus temperatures in the (CaO+SiO2)-(Al2O3+SiO2)-MgO with 
CaO/SiO2 ratios of 1.0 and Al2O3/SiO2 ratio of 1.5 at fixed MgO content have been 
experimentally investigated from 1533 K to 1833 K (1260 °C to 1560 °C). Noticeable 
differences were observed between present experimental results, previous experimental data 
and results predicted from FactSage 7.2. The effects of concentrations of master slag 
(Al2O3+SiO2) and MgO content on liquidus temperature have been presented and discussed in 
detail. With the accurately analyzed data of both liquid and solid phases resulted from this 
study, the current database of thermodynamics models can be optimized, which will provide 
the enhanced application of the thermodynamics models, in particular for inclusion 
composition control. 
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Chapter 9 Conclusions and recommendations 
9.1 Conclusions 
This thesis focuses on the mechanisms of formation and evolution of inclusions in Si- and Al- 
deoxidized spring steels. Detailed information about inclusion density, morphology and 
composition were explored by electron probe X-ray microanalysis.  
1. We investigated the inclusion characteristics and formation mechanisms in Si-
deoxidized spring wire. The detected FeO in inclusions was verified with wavelength-
dispersive spectrometry and Monte Carlo simulation. According to the chemical compositions, 
four types of inclusions were identified, including CaO-SiO2, Al2O3-SiO2, Al2O3-SiO2-CaO, 
and MnS. The inclusions compositions were not obviously influenced by the additions of Nb 
and V. CaO-SiO2 inclusions originated from entrapped slag. Al2O3-SiO2 inclusions were 
formed by the deoxidization reaction between [Al], [Si], and [O] in the molten steel. Al2O3-
SiO2-CaO inclusions were classified into two types: Type 1 had high CaO and SiO2 contents, 
which resulted from CaO-SiO2 inclusions reduced by [Al]; Type 2 had high Al2O3 and SiO2 
contents, which mainly resulted from coalescence between CaO-SiO2 and Al2O3-SiO2 
inclusions. 
2. Furthermore, to verify the formation and evolution of oxide inclusions in spring steel,   
plot samplings were conducted from VD, tundish to hot rolling stages. The constant variation 
and correlations of diverse inclusions were identified. The major inclusions in steel samples of 
VD, TD and HR are CaO-SiO2 and Al2O3-SiO2-CaO inclusions. Meanwhile, some large-sized 
Al2O3-SiO2-MnO, SiO2-MnO and pure SiO2 inclusions with sizes > 20 µm were observed in 
TD steel samples. CaO-SiO2 inclusions resulted from coalescence between entrapped slag 
particles and SiO2 particles. Al2O3-SiO2-MnO and SiO2-MnO inclusions were formed from re-
oxidization of molten steel during the teeming due to the strong turbulence. The Al2O3-SiO2-
CaO inclusions in VD and TD samples originated from the reaction between [Al] from 
ferroalloys and CaO-SiO2 inclusions. For Al2O3-SiO2-CaO inclusions in the steel samples of 
HR, they originated from entrapped mould flux and anorthite precipitations. 
3. The origins, characteristics, and mechanism of Al2O3-containing inclusions in Al-
deoxidized spring steel through the manufacturing process were investigated using electron-
probe X-ray microanalysis (EPMA). Based on chemical compositions, inclusions were 
categorized into seven types: Al2O3, Al2O3-CaO, Al2O3-SiO2, Al2O3-MgO, Al2O3-MgO-CaO, 
Al2O3- SiO2-MnO, and Al2O3-CaO- SiO2. Al2O3-CaO inclusions were the principal ones in VD 
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and TD samples. For inclusions in HR, Al2O3 and spinel represented the major portions of the 
inclusions in spring samples. Dissolved [Mg], [Si], and [Al] rapidly reacted with [O] in the 
steel, forming Al2O3, Al2O3-SiO2, Al2O3- SiO2-MnO, and Al2O3-MgO inclusions. Al2O3-CaO- 
SiO2 inclusions originated from entrapped slag particles. Al2O3-CaO inclusions resulted from 
Al2O3-CaO-SiO2 inclusions, the SiO2 of which was mostly reduced by [Al]. Al2O3-MgO-CaO 
inclusions were formed by coalescence between Al2O3-MgO and Al2O3-CaO inclusions. Dual-
phase Al2O3-MgO-CaO inclusions were semiliquid through the entire manufacturing process, 
which spinel phases precipitated. For Al2O3-SiO2-MnO inclusions, solid phases started to 
precipitate below 1400 C. 
4. The investigation on inclusions characteristics and evolution in Si-deoxidized spring 
steel was conducted utilizing MgO, Al2O3, and calcium hexaluminate (CA6) refractory 
materials. The effects of refractory materials on inclusions morphologies, chemical 
composition, and number densities were explored. For MgO refractory, the deoxidization 
products of SiO2 could be reduced by dissolved [Mg] from corroded crucibles and form the 
SiO2-MgO inclusions. Similarly, SiO2 inside the Al2O3-SiO2 and CaO-SiO2 inclusions could 
also be reduced by [Mg] from refractories and form the CaO-SiO2-MgO and Al2O3-SiO2-MgO 
inclusions respectively. For Al2O3 refractory, the primary inclusions inside steel was Al2O3-
SiO2-CaO inclusions. For calcium hexaluminate (CA6) refractory, only Al2O3-SiO2-CaO, 
Al2O3-SiO2, and Al2O3-SiO2-MnO inclusions were observed inside the steel. 
5. The investigation on inclusions characteristics and evolution in Al-deoxidized spring 
steel was conducted utilizing MgO refractories. Three types of inclusions were identified based 
on chemical compositions, including MgO, Al2O3-MgO-CaO and Al2O3-MgO inclusions, 
which was mainly caused by the dissolution and corrosion of MgO refractories. Large single-
phase Al2O3-MgO-CaO inclusions were formed by the coalescence between MgO and 
entrapped slag particles. Dual-phase Al2O3-MgO-CaO inclusions were anticipated to originate 
from MgO inclusions reduced by dissolved Al and Ca in steel. The evolution of inclusion was 
probably controlled by diffusion of Ca2+, Mg2+ and Al3+ in inclusion. Since diffusion speed of 
Mg2+ and Ca2+ were the lower than that of Al3+, the diffusion of Mg2+ and Ca2+ either in solid 
inclusion core or in the newly formed CaO-Al2O3 outer layer would be the limited steps during 
inclusion transferring. 
6. The phase equilibria and liquidus temperatures in the system (CaO+SiO2)-
(Al2O3+SiO2)-MgO with CaO/SiO2 ratio of 1.0 and Al2O3/SiO2 ratio of 1.5 at fixed MgO 
content have been experimentally investigated from 1533  to 1833 K (1260 to 1560 °C). The 
results will provide direct information for selection of refining slags and control of oxide 
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inclusions in Si- and Al- deoxidised processes. Noticeable differences were observed between 
present experimental results, previous experimental data and results predicted from FactSage 
7.2. The effects of (Al2O3+SiO2) and MgO contents on liquidus temperature have been 
presented and discussed in detail. With the accurately analyzed data of both liquid and solid 
phases resulted from this study, the current database of thermodynamics models can be 
optimized, which will provide the enhanced application of the thermodynamics models, in 
particular for inclusion composition control. 
9.2 Recommendations for future work 
This thesis has demonstrated significant progress focusing on the formation and evolution of 
inclusions in Si- and Al-deoxidized spring steels. However, the characteristics and formation 
mechanism of inclusions in Mg- and Ti-deoxidized steel through manufacturing process 
deserved detailed investigation. The variation of chemical compositions, dimensions and 
inclusions sizes in Mg- and Ti-deoxidized spring steel would be analyzed by EPMA. 
Meanwhile, it is significant to investigate the effects of heat-treatment and hot-rolling process 
on various inclusions transformation for better control of inclusions. The effects of heating 
temperature and heating time on inclusions transformation would be discussed. The evolution 
of various inclusions in steel during hot rolling from billet to wire rods into wires would be 
investigated by EPMA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
